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Aerial view of declining sugar maples bordering a New 
Hampshire state highway. Affected trees exhibit a char 
acteristic pre-mature coloration a few weeks in advance 
of normal senescence. (Photographed September 3, 1966)
To all those men and women 
gone on before us, bestowing 
fire, and light, and heart, 
now ours to kindle, and pass 
on..................
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During the past 35 years, extensive research has 
been conducted in the United States by several investigators 
pertinent to the decline of trees growing within the immedi- 
age environment of highways and city streets. Research men 
in the past have been largely concerned, first, with explor­
ing the several possible causative factors which may be in­
volved, such as fungal pathogens, nematodes, extremes of 
temperature, drought, herbicide drift, and automobile 
exhaust. With respect to the widespread decline and death 
of sugar maples (Acer saccharum Marsh) in New England, there 
has been much concern in recent years with the role of 
highway ice-control salts as a cause of injury. It is now 
fairly well established by research studies that a major 
portion of decline among roadside sugar maples is largely 
due to the use of such salts.
Since equally valid field investigations have been 
reported in the past few years in which the sodium ion of 
crude rock salt has been implicated, in part, in one study, 
and chloride in others, much remains to be resolved regarding 
the mutual involvement and interrelationships of the 
separate ions in the etiological sequence, and regarding the 
influence of these ions on the functioning of other ions 
which are essential in plant nutrition. Although excellent 
correlations have been made between tree damage and the 
presence of excess salts, no substantial data has as yet 
been presented specifically pertinent either to the influence 
on the growth process, or the alteration of metabolism.
2Limited evidence has also been published relating 
frequent injury of various species of conifers to the use of 
ice-control salts. To the professional arborist, and the 
home owner interested in landscaping, practical information 
on the relative salt-tolerance of various coniferous and 
hardwood tree species would be useful, and a means of 
alleviating injury to established trees, particularly maples, 
is an immediate and critical need.
Studies of existing conditions in the field by means 
of surveys, and of the underlying principles operating, 
through laboratory experimentation, should mutually answer 
some of the academic and pragmatic questions which are 
posed. It is with a view towards fulfilling some of these 
ends that the present research is approached.
3SECTION II 
LITERATURE REVIEW
In reports appearing in the literature since 1922 
concerning physiological decline or injury of hardwood and 
coniferous tree species, one theme is often recurrent: the
frequent proximity of declining trees to public streets and 
highways. Factors associated with the roadside or city 
street environment have been implicated from time to time 
either explicitly or in a general way. In the earliest 
report encountered, Snell and Howard (72) in 1921 noted an 
abnormal reddening of foliage and tree death along a New 
Hampshire roadside, particularly among white pine, birch, 
and American elm. Upon investigation the damage was attri­
buted to calcium chloride leaching from barrels stored along 
the road and used in stabilizing the surface of dusty roads. 
Damage occurred only to trees or in groves under which 
barrels were located. The authors commented that salt used 
in such a manner had been previously known to affect trees, 
particularly maples, bordering roadways and walks.
During the ten-year period prior to 1940, Strong (74) 
kept a record of tree injury appearing along several gravel 
highways in Michigan, where light to severe scorching of 
leaves occurred frequently. The damage was believed to 
result from run-off waters of roads treated with calcium 
chloride. Less damage occurred when periods of heavy rain­
fall ensued, and damage usually expected during drought 
periods was accentuated by the use of salt. White spruce, 
balsam fir, hard maple, white birch, American beech, aspen, 
cherry, red and white pine, and hemlock were quite suscept­
ible. Red and white oak, and American elm appeared to be
4relatively tolerant. In subsequent experiments with seedlings 
of white pine and American elm to which either sodium or 
calcium chloride was applied, the sodium form of chloride 
was found to be five to ten-fold more toxic than calcium 
chloride.
In 1940, numerous residents of northern New Jersey 
observed excessive decline and death of sugar maples along 
city streets (1). Pathologists from the State Agricultural 
Experiment Station found no evidence of pathogens, but ob­
served an extensive die-back of twigs and buds, accompanied 
by yellowing and wilting of leaves. It was speculated that 
the condition was due largely to the severe drought of 1939 
followed by unusually low temperatures the following winter.
Also in 1940, Moss (63) noted the prevalence of 
foliar discoloring on numerous trees within 45 miles from 
the ocean. White pine appeared most sensitive, displaying 
a bright orange-red appearance. The effect was limited to 
trees exposed to the force of the wind and was attributed to 
wind-driven salt water.
Marsden (59) conveyed the concern of Massachusetts 
residents for very extensive tree injury, noting particularly 
that scorching of maples and horse-chestnut was general 
throughout Boston in 1948. He reviewed monthly precipitation 
records for the period 1939-1950, which he believed repre­
sented a cumulative drought period, corroborating his 
hypothesis attributing considerable tree injury to drought. 
Only a minor suspicion of injury to street trees by winter 
salting was expressed.
Concomitant with the concern in Massachusetts for 
widespread tree injury as expressed by Marsden, the first 
in-depth experimentation probing the role of salt was under­
taken at the Massachusetts Shade Tree Laboratories by
r
5Marsden et al. (60) and continued by Holmes (40). The 
results of this long-range project for reproducing salt 
injury in established trees were not to be available until 
1961. In the interim, state highway authorities to the 
north in neighboring New Hampshire sought to assess their 
own situation relative to death of roadside trees anc con­
vened a gathering of state officials and scientists at the 
University in Durham (50). The presence of nearly 14,000 
dead trees along 3,700 miles of highway was cited and re­
moval costs estimated one million dollars. A. E. Rich 
subsequently initiated investigations at the University of 
New Hampshire where research studies on physiological de­
cline of trees have continued to this day (51, 69).
At the height of concern for decline of trees in 
the Northeast, particularly of sugar maples, D. R. Houston 
of the U. S. Forest Service made an extended survey of 
roadsides, sugar bush, and forests 1/. He noted that a 
wide divergence existed in the causes and manifestations of 
the form of decline as noted respectively in the forest, 
sugar bush, and along the roadside. He concluded that a 
deterioration to a low level of vigor of "thousands upon 
thousands of roadside maples" was truly evidenced.
Beyond New England, other reports in this period 
relating tree decline to the roadside environment were made 
by French (31) in Minnesota, Hibben (38) in New York, and 
Sauer (70) in West Germany. French (31) investigated the 
causes of foliar injury to American elms appearing promi­
nently at the intersections of city streets where salt was 
applied most heavily in the winter. Damage was most pro­
nounced on the side of trees proximate to the road and 
consisted of yellow to brown leaf discoloration advancing
1/ Personal communication, U. S. Forest Service no. 
4600-FS-NE-2302, 1964.
6from the margins inwardly toward a green center. Foliar 
analysis of elms and similarly damaged box elder, basswood, 
and Norway maples reflected a higher content of sodium in 
the injured than in the healthy trees. Calcium content 
likewise was lower in the injured trees, even though a 
mixture of NaCl*03012 was used for ice-control.
In New York State, Hibben (38,39) found that mor­
tality in roadside and ornamental plantings of sugar maples 
was widespread and that the static, non-infectious nature of 
the malady indicated a complex of environmental factors.
The presence of Armillaria mellea in necrotic roots was 
thought to be secondary in the decline syndrome in which 
trees already weakened by other causes were favorably dis­
posed to fungal attack. High populations of stylet-bearing 
nematodes were occasionally associated with necrotic roots. 
However, their presence appeared to be unimportant as 
demonstrated by a lack of correlation with die-back injury.
Sauer (70) reported that unusually frequent applica­
tions of salt to the Federal autobahn in West Germany in the 
winter of 1962-1963 resulted in severe damage to established 
plantings. Plantings within the center strip were most 
seriously afflicted, and the most sensitive species included 
birch, mountain ash, hornbeam, hazel, elder, Cornelian 
cherry, stone cherry, hawthorn, and both common and evergreen 
forms of privet.
Holmes (41) concluded in 1961 that winter road 
salting probably does no great harm to trees in Massachusetts, 
a view which he modified in 1965 after further research (42). 
In a painstaking and methodical series of experiments 
lasting seven years, salt as sodium, or as calcium chloride 
was applied directly over the root zones on a weekly, year-
7round basis to plots containing maples, oak, hickory, ash, 
black birch, and white pine. Salt was applied at rates of 
50 lb/acre. Half of all treated trees died during the 
course of the experiment and only oaks survived with a 
minimum of symptoms expressed. Maples displayed cup-shaped 
leaves with necrotic margins and interveinal necrosis. The 
foliar levels of chloride ion attained in maples were in the 
range of 0.107.-3.647, in dry matter. Symptoms on trees 
receiving calcium chloride appeared milder than those re­
ceiving sodium chloride. Sodium values were not measured.
The pH values on treated plots increased decisively, but not 
beyond the favorable growth range of the trees present.
In a concurrent experimental series, Holmes (42) 
established "run-off" plots in a forested area adjacent to 
a banked road surface. Sodium chloride and calcium chloride 
salts were applied in separate series to the road surface 
at a rate of 15 lb/100 linear ft for each of 15 weeks during 
the winter of 7 consecutive years. Trees receiving the run­
off in their respective plots were 3-15 ft from the road 
edge in a mixed hardwood forest. Neither symptoms nor evi­
dence of decline was observed after 7 years. Levels of 
chloride attained in foliage in the final year were 0.05-0.297. 
In dry matter in foliage of treated trees'as compared with 
0.02-0..057. in non-treated control trees. Holmes suggested 
that a 7-year period may have been inadequate to produce 
noticeably cumulative ill-effects.
With reference to the rates adopted by Holmes, it is 
notable that the rates of application reported by New Hamp­
shire state highway officials for the 10-year period 1955- 
1965 2/ were 20-25 tons/mile annually, an amount enabling 
substantially higher run-off than in Holmes’ experiments.
2J Personal communication, New Hampshire Highway Department, 
September 20, 1962.
8A systematic survey of roadside maples and statisti­
cal analysis of data was conducted by Lacasse and Rich 
beginning in 1961 (51,69). On the basis of 550 maples sur­
veyed, a highly significant inverse relationship was found 
between distance of the trees from the road and salt injury 
symptoms. Additionally significant was the inverse relation­
ship of both soil K-values and of foliar levels of sodium 
with distance from the road edge. Within 30 feet of the 
road, the mean sodium levels in foliage tissues were in the 
range 0.06-0.077, and beyond 30 feet were 0.03-0.047,. Few of 
those samples analyzed which showed symptoms exceeded the 
0.107, level. In greenhouse experiments with seedlings of 
sugar maple, white birch, tuliptree, and white ash, grown 
in nutrients containing 5 separate concentrations of sodium 
chloride, sugar maples were most sensitive, exhibiting 
necrosis, chlorosis, tip burn, and marginal scorch of leaves. 
Tuliptree proved less sensitive, and both birch and ash 
proved tolerant of sodium chloride.
In an additional investigation, Lacasse (50) dis­
covered a progressive narrowing of annual growth rings in 
stem sections from severely injured trees and speculated 
that this condition could lead to inadequacies in water con­
duction. No attempt was made to relate the reductions to 
drought periods to which the rings also may have corres­
ponded.
The New Hampshire investigators concluded from their 
studies that while a comprehensive study of all factors in­
volved in the etiology of decline was necessary, decline as 
seen in roadside sugar maples could be described as a form 
of "physiological drought" in which sodium chloride played 
an important role, as indicated by their various correlations 
with the presence of sodium. Sodium ion per se was not
9specifically implicated as an isolated causative factor.
In related work at New Hampshire, Kotheimer et al. 
(46) conducted a survey in which the vigor of roadside sugar 
maples along salted state highways in 3 townships was com­
pared with trees on town-maintained roads in the same town­
ships which received little or no salt. A rating system 
encompassing categories of progressive damage on a scale of 
1-6 was utilized in judging vigor. A total of 108 town-road 
trees tallied a mean damage rating of 1.11 in this study as 
compared with a rating of 2.87 for 134 trees on the state 
highways. Red maples were not included in the survey, how­
ever, it was generally observed that they displayed less 
injury than did sugar maples. In greenhouse experiments 
discussed in the same report, it was revealed that greater 
injury occurred to white pines via salt spray than by salt 
run-off to the root zone.
During 1965 and 1966, 3 separate reports were pub­
lished in New England directly correlating foliar injury in 
sugar maples with levels of accumulated chlorides. Button 
(15), in Connecticut, found injury associated with chloride 
levels in the range 0.52-0.677°. He concluded that de- 
icing salts can be a decisive factor in maple decline.
Holmes and Baker (42) and Baker (6 ) reported the continua­
tion of field experiments discussed by Holmes (41) in 1961, 
in which salt was applied to banked road surfaces adjacent 
to run-off plots. A total of 83 trees including trees from 
the run-off plots, from other roadside areas, and from a 
sugar-bush were analyzed for foliar content of sodium, 
chloride, calcium, magnesium, and potassium, and for these 
same elements in the spring sap. Run-off plots had received 
sodium chloride salt a total of 12 consecutive years at the 
original rate of 15 lb/100 linear ft of road. After 7 years
10
of treatment the foliar chloride levels in the plots were 
0.05-0.297. in dry matter; after 12 years, levels for the 
same trees were 0.14-0.297.. No symptoms were evident in any 
of the run-off plots, however, roadside trees in areas re­
ceiving normal highway salting showed a variety of foliar 
symptoms. Chloride levels for foliage showing damage ranged 
from 0.407. to 1.057. with severely scorched leaves generally 
exceeding 0,957.. Sodium accumulated in the foliage in 
amounts disproportionate to chloride accumulation and 
followed no uniform ratio in this proportion. In sap 
samples, however, the amounts of chloride in trees near the 
road differed very little from amounts in sugar bush trees 
at some distance from highways. Sodium levels to the con­
trary clearly reflected proximity of the source tree to the 
road. Neither the presence of sodium nor of chloride influ­
enced the amounts of calcium, magnesium or potassium trans­
located to leaf tissues. Holmes and Baker (42) made no 
attribution of symptoms to chloride toxicity per se but noted 
the significant correspondence of foliar injury with chloride 
values. It was concluded that symptoms displayed by maples 
having only 0.10-0.307. chloride content were probably caused 
by some other factor. Additionally, it was emphasized that 
the proper season for collecting tissue samples had not yet 
been determined. Baker (6 ), in his separate report, conclu­
ded that chloride, not sodium, does in fact produce leaf 
scorch in sugar maples.
Banfield (7,8) has expressed the belief that water 
deficiency is the major cause of sugar maple decline. He 
has reproduced the typical symptoms of decline in potted 
seedlings by withholding water to the point of "severe 
epinasty and leaf curling". Progressive marginal scorch,
11
early coloration, and premature leaf-fall resembling the 
syndrome in the field ensued as a result of water deficit. 
Furthermore, the weekly application of water to selected 
field trees arrested decline symptoms after 2 seasons of 
such treatment. No analyses of chloride levels were made 
during these experiments. The theory is emphasized that 
drought, low soi'l-moisture levels, high evapotranspiration, 
high air and soil temperatures, low humidity and full ex­
posure to sun and wind are the dominant factors witnessed 
in the environment of declining trees.
Other research during the past few decades and 
peripheral factors pertinent to sugar maple decline such 
as weather, drought, warming trends, insect defoliation, 
air pollution and tree age were comprehensively reviewed 
and evaluated in a literature review of 160 papers by 
Westing (80) in 1966. Only those findings relating to 
specific ion toxicity, ionic interrelationships, and physio­
logical mechanisms of injury will be further discussed 
herein.
At this point, a summation and comparison of values 
for chloride and sodium levels found in maples by Lacasse, 
Button, Holmes, and Baker would seem pertinent, particularly 
with reference to values found associated with injury in 
other tree species by other research men. The literature 
pertaining to tree fruit culture in the western United 
States on saline and alkaline soils is especially germane in 
this regard.
As reviewed above, foliage levels of ion-species 
associated with sugar maple decline are as follows:
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Maple Decline: Foliage levels of ions for
Cl
Holmes, Baker (42,6) 0 .10% 0.40-1.05%
Button (15) 0 .20% 0.52-0.67%
Lacasse (50) 0 .10%
The amounts of sodium and/or chloride causing growth 
reduction or producing decisive foliar injury in a variety 
of tree fruit species, as reported by several investigators, 
are tabulated as follows:
Range of Ion Levels Associated with Damage in Tree Fruit
Species





























Brown et al. (13)
0.21%
Dilley et al. (25)
0.45-0.84%
Brown et al. (13)
0.22-1.62%









(Citrus sinensis) 0.25-0.57% 0.40-2.77%
Chapman (18) Chapman (19)
Harding Cooper et al.(23)
et al. (33)
Peach
(Prunus persica) 0.63-1.00% 1.05-1.62%
Martin and Dilley et al.(25)
Jones (62) Hayward
Lilleland (54) et al. (35)
Plum
(Prunus domestica) 0.30-0.69% ----
Brown et al. (13)
A brief comparison reveals that levels of chlorides
found associated with maple decline fall within the range 
found injurious to other species, whereas the sodium levels 
found in maple foliage by all investigators, fall below the 
range necessary to reduce growth or cause damage to tree- 
fruit foliage.
Fundamental to any discussion of salinity effects on 
plants is the distinction, not always made in the literature, 
between the effects of total salts, or salinity per se, and 
the effects of a given ion. Bernstein et al. (10) have 
commented that a low tolerance to the osmotic pressures- re­
sultant from salinity are frequently seen in species of fruit 
trees, however, a specific toxicity to excesses of constituent 
ions may also be involved. They caution that a high degree 
of correlation between specific ion levels and associated 
injury is in itself insufficient evidence for ion toxicity.
The injury observed and the ionic accumulations determined 
may be independently related to the degree of substrage 
concentrations of total salts.
14
A specific sensitivity of a plant species to chlorides 
has been ascribed with confidence only in carefully executed 
experiments such as that of Brown et al. (13) utilizing iso- 
smotic salts. In their work, a greater influence was exerted 
by specific ions, affecting plants adversely, than was 
exerted by osmotic pressures of the solutions utilized.
With regard to maple decline, little work has been 
done on the osmotic aspects involved, and none has been 
pursued relative to the edaphic environment as an isolated 
entity. It is now a fairly respectable principle among 
plant physiologists that in respect to the non-halophytes 
at least, water availability decreases with increasing 
osmotic pressures. Some maple decline investigators have 
alluded (50,15) to the likely operation of this principle 
along the roadsides receiving copious applications of salt.
Yet there seem to be serious doubts in this area of physiology 
as is apparent in conflicting research conclusions. Eaton 
(27) explicitly disputes the principle, offering evidence to 
the contrary. When he increased substrate osmotic pressures 
in irrigated sand-frames containing 8 separate crops, a pro­
portionate and compensatory osmotic pressure increase was 
measurable in plant sap. Although water was equally avail­
able to plants on saline substrates as on the controls, 
little wilting resulted. In the rare instances that wilting 
did occur, it was equally evident on the controls. It was 
concluded that the salinized plants suffered no disadvantage 
in their water relations due to the compensatory ability to 
increase sap pressures. A review of Koxlowski's comprehen­
sive treatise (47) on water relations in plants indicates a 
great complexity of factors are operative, and suggests that 
Eaton’s conclusions are oversimplified. While Eaton's plants 
appeared not to be handicapped in their access to water due
15
to osmotic adjustment, no mention is made of either decreased 
demand or decreased transpiration of the salinized plants. 
Bernstein and Hayward (11), in their broad evaluation of 
salt tolerance, have challenged Eaton’s belief that (a) 
osmotic pressures of leaf tissues are operative in water 
absorption, and that (b) a decrease in diffusion pressure 
gradients does not occur on high osmotic substrates.
They maintain that Eaton* s concept could be true 
only if a continuum with outer space existed between plant 
tops and the substrate, but they claim this would rule out 
the selectivity theory of ion absorption, enabling unre­
stricted ion accumulation. Kramer (48) offers a partial 
solution to the dilemma, which may equally answer uncer­
tainties regarding maple decline. His view is that active 
transport, as championed by Bernstein, is probably important 
only in young seedlings and under low transpiration condi­
tions, and that passive transport under conditions of high 
transpiration enables ions to be swept along by mass flow, 
particularly when substrate concentrations are high. In the 
latter case, chloride ions would by-pass the physical mechan­
isms of selective ion-absorption, moving passively through 
the root cortex and upwards into the shoot.
Literature evaluations (9,56,20) of the role of 
sodium in plant nutrition are fairly complete and helpful in 
our understanding of some of the factors operating in related 
tree decline. With regard to sodium, particular attention 
must be focused on effects of its excess on the soil-root 
environment. High soil sodium levels generally result in 
an increased pH and a decreased availability of calcium, 
magnesium, and sometimes potassium. Most detrimental is the 
gross deterioration of soil physical structure, due to the 
dispersion of soil particles, resulting in poor aeration,
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water movement and permeability. In water movement through 
clay soils, the escaping tendency of sodium is much less than 
that of chlorides due in part to the adherence of sodium to 
negatively charged soil particles along the pore walls.
Thus salt movement in soils is more often related to the in­
dividual diffusive ability of the ion per se than to the 
convective components of the water carrying it.
On soils already low in calcium, the plant absorp­
tion of excess sodium is much more rapid than when calcium 
is high. Bernstein end Hayward (11) underscore the fact 
that given increasing levels of sodium, the absorption of 
calcium itself is depressed, and that this mechanism is the 
primary means of inhibiting growth per se.
Pertinent to Holmes and Baker's (42) observation of 
disparity in ratios of sodium and chloride absorption, re­
search by Bernstein et al. (10), by Brown et al. (13) and by 
Jacoby (43) is particularly enlightening. Bernstein et al. 
and also Brown et al. found that when plants were initially 
exposed to sodium substrates, the translocation of sodium 
to leaves and twigs was restricted. At later periods, a 
flush of sodium into the upper portions of the plants was 
striking. These workers have hypothesized that sodium is 
initially retained in the living wood parenchyma, and that 
with increasing time, as heartwood continues to form, sodium 
is released from senescent parenchyma into the transpiration 
stream and thence to the leaves. In the same experiments, 
in which chloride was the paired ion, the chloride was found 
to be high in foliage during the early phases of exposure 
due to the higher mobility of the ion-species.
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Jacoby (43) explored the same phenomenon, using 
2 ? _
labeled sodium (Na “) as' a precision tool. It was demon­
strated that at low substrate concentrations of sodium 
chloride, sodium was retained in basal portions of bean 
plants. The concentration of sodium in stems decreased with 
increasing distance from the roots. As substrate concentra­
tions of sodium chloride were increased, stems gradually be­
came saturated with sodium, eventually reaching a uniform 
distribution throughout the plant.
An excellent current treatise on chloride has been 
prepared by Eaton (27) who relates research on both the 
essential and the toxic characteristics of the ion for 
plants. The essentiality of chloride in improving yield- 
quality and growth has been investigated in regard to 
cotton (26), tomatoes (26), table beets (66), lima beans 
(49), potatoes (24), and tobacco (79) . The beneficial 
substrate level for all has been in the range of 2 .0-8.0 
meq/liter. That chloride is indeed an essential micro­
nutrient for plants has been meticulously demonstrated by 
Broyer et al. (14). The comparative requirements of differ­
ent plant species for chloride have been expanded upon by 
Johnson et al. (44). Arnon (3), in an endeavor to explain 
the specific metabolic role of chloride, has shown that its 
presence is critical in those specific photosynthetic reac­
tions of chloroplasts in which oxygen is liberated.
Interesting to consider are Eriksson's findings (30) 
respective to the replenishment of soil chlorides by atmos­
pheric precipitation. Data collected on a world-wide basis 
indicate a usual deposition of 12-35 lb/acre near coast lines, 
it remains unexplained how in some instances isolated 
pockets in the midlands can often receive amounts equal to 
coastal deposition.
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Papers have been cited above regarding toxic levels 
of chlorides for various tree species. In a review of the 
work of these and other investigators, Eaton (27) summarizes 
symptoms of excess noting that in general, scorching or 
firing of leaf tips or margins, bronzing, premature yellow­
ing and abscission have all been reported at times as symp­
tomatic, but that the only consistent symptoms are reduction 
in leaf size and a slower growth rate. He points out, how­
ever, that very little information has been provided relating 
chloride levels in leaves to measured growth reductions.
Sharp contrasts in ion-accumulation potentials intra- 
generically have been demonstrated by Dilley et. al. (25) 
who grew both year-old Montmorency cherry (Prunus cerasus) 
and year-old Elberta peach on Lovell roots (P. persica) 
on a substrate regime containing 10 meq chloride for 5 
months. The cherries accumulated 0.21% chloride in dry 
matter of foliage, whereas peach trees accumulated 1.2470 
chloride. It seems significant in this context to note the 
attendant pitfalls in the common habit of referring generi- 
cally to "maple decline", particularly since negligible work 
has been published on red maple (Acer rubrum L.), Norway 
maple (A. platanoides L.), or box elder (A. negundo L.).
Certain aspects of the use of tissue analysis as a 
diagnostic aid are vital to proper perspective of the values 
obtained thereby. Particular mention is to be made of varia­
tions with age, tissue type, and exposure to sun or shade. 
Eaton (27) has generalized that chloride accumulates in 
tissues with age, and that this factor ought to be consid­
ered in standardizing sample collections. Data of Embleton 
(29), on irrigated Fuerte avocado leaves, show a gradual in­
crease in chloride from June to October. Woodham (81) found 
that chloride increased progressively in Sultana grape peti-
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oles from 0.62% in October to 2.11% in February. Various 
authors (27) working with a wide variety of crops report 
highly variable distribution of chloride in leaf blades, 
twigs, petioles, wood and roots. According to Brown (13), 
the choice of leaf tissue with respect to location can be 
critical, since symptoms and ion accumulations can differ 
in leaves exposed to the sun from those associated with the 
shaded interior leaves.
Fundamental in the approach to any control program 
directed towards reducing uptake of sodium or chloride in a 
consideration of the numerous known ion interactions or 
antagonisms which occur in the soil and during root absorp­
tion. Research done on ion interactions has been reviewed 
by Reuther et al. (68), Gauch (32), Chapman (20), and by 
Hayward and Bernstein (36).
The use of gypsum has now become a classical, 
standard procedure in the management of saline soils and 
irrigation waters. A sophisticated and precise technology 
in the use of gypsum has been developed largely by the U. S. 
Salinity Laboratory Staff. Both theoretical and applied 
aspects are presented in detail in a handbook published by 
this group (77). Van den Berg and Westerhof (78) have in­
vestigated the effects of prolonged gypsum use on inundated 
Dutch soils, and have found most crops to have a very high 
tolerance for gypsum. While excess calcium, as a result of 
gypsum applications, may increase non-exchangeable potassium 
in some soils, potash additions allow correction. In 
general, the action of gypsum is in its displacement of ac­
cumulated sodium in the soil, and the restoration of physical 
soil structure, thereby increasing premeability, aeration, 
and even chloride drainage. Of further advantage is the re­
duction of pH, whereas lime would have the opposite effect.
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One concept, relatively novel and revolutionary, is 
that of a "balanced ionic environment" advanced by Heimann 
(37). He maintains that the total effects of salinity are 
not as important as is the imbalance of ions caused by saline 
conditions. Heimann1s particular concern has been for the 
effects of sodium uptake in irrigation waters, and his ap­
proach to management encompasses a search for balance, and a 
prophylactic use of potassium against sodium. Heimann would 
cite the counter-balancing effect of potassium as somewhat 
of a universal principle for living tissues. MacLeod and 
Snell (57,58), he notes, have proven that in the bacterium 
Lactobacillus casei excessive sodium levels can depress 
culture growth-rates, which effect can then be reversed by 
subsequent small additions of potassium; similar results 
were attained with yeasts. The mechanism involves a competi­
tion for enzyme sites, resulting either in an inert sodium- 
enzyme complex, or an active and essential potassium-enzyme 
complex. Operation of a similar mechanism in plants has not 
been established. Heimann cites several experiments in which 
both sodium and chloride were reduced by balanced additions 
of potassium and phosphates, respectively.
While the favorable influence of potassium may hold 
for sodium uptake, a dilemma is presented with respect to 
chloride uptake. As Lagerwerff and Eagle (52) have demon­
strated and emphasized, an inverse relationship exists be­
tween cell-permeability and the valence of the main cation- 
species absorbed. Thus the higher the K:Ca (potassium: 
calcium) ratio in the plant, the greater the permeability 
of tissues to ions and to water. Lagerwerff and Eagle found 
that both sodium and chloride contents increased in beans as 
the potassium level was increased stepwise in the substrate.
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Posing further complication, if potassium levels 
must be balanced, would be the use of sulfate of potash to 
reduce chloride uptake. It has been noted that as a gener­
alization (27) sulfates may be used to reduce chloride up­
take. Hayward and Long (34) found the uptake of chloride 
to be reduced by 10% with increasing amounts of sulfates in 
tomato culture.
Other negatively charged anions such as nitrates and 
phosphates offer promise in reducing chloride uptake. Chap­
man and Liebig (17) realized a 407, reduction in chloride 
uptake in sweet-orange seedlings when the substrate level 
of nitrate was increased from 0.5 meq/liter to 5.0 meq/liter. 
Lunin and Gallatin (55) reported improvement in growth and 
yield of beans grown under saline conditions via increasing 
phosphate levels. Concomitantly, evapotranspiration was 
similarly reduced by phosphates.
The means by which salinized plants sustain damage 
or aberrations in growth constitute a relatively new and 
most difficult area of research. Ratner (67) believes that 
the initial damage occurs in the roots where the presence 
of excess or toxic salts destroys the regulatory abilities 
of protoplasm, leading to increased transpiration and there­
by to increased salt uptake. Arisz (2) concluded that in 
young plants, salts accumulate in the protoplasm, particularly 
in the mitochondria where respiratory control systems are 
damaged. In older plants, salts are translocated from the 
protoplasm to the vacuoles, where ionic imbalances may 
develop for the respective cells involved. Strogonov (73) 
has worked most exhaustively in this field of concern for 
many years and has concluded that the toxic effect of salts 
in plants is a direct result of abnormal nitrogen metabolism.
21
His work has shown that as a result of salinity, toxic inter­
mediary compounds accumulate in the plant which are not 
found in normal plants. It is stressed that disturbances 
in the breakdown and synthesis of proteins due to salinity 
are frequently characterized by the accumulation of ammonia. 
Ammonia accumulation, due to excess protein catabolism, or 
derived indirectly through amines and diamines, acts adverse­
ly on the normal physiological processes. Similarly, amino 
acids may accumulate in excessive amounts in the salinized 
plant, and this accumulation is most apparent in the foliage. 
Strogonov notes that toxicity may occur through accumulations 
of hydroxyproline, 1-leucine, isoleucine, d-alanine, phenyl­
alanine, and tyrosine. Tyrosine and phenylalanine, which is 
interconvertible to tyrosine, are of especial interest since 
they may participate in the formation of the melanin pigments 
attendant upon necrosis.
Finally, morphological analyses have provided both 
clarifying data and fascinating vistas pertinent to the 
anatomical bases of salt tolerance, and to the ecology of 
halophytes. Boyce (12), in studies of snlt-spray communities 
of plants along Atlantic dunes, has implicated chlorides as 
being principally responsible for injury to susceptible 
species. Tolerant and/or dominant species exhibited less 
proneness to epidermal injury by salt spray, and character­
istically were able to adjust to internal salts via the pro­
tective hypertrophy of leaf parenchyma tissues. Under saline 
conditions, tolerant plants exhibited a dorsi-ventral elong­
ation of chlorenchyma and the assumption of abnormal form in 
the spongy parenchyma. Consequently, such leaves manifest a 
succulence of fleshiness. Plants with little tolerance were 
characterized by the production of less parenchyma and more 




1. Field Surveys and Sample Collection
A. Rating of Roadside Trees.
For the purpose of investigating the relationship 
between accrued damage on roadside trees and accumulated 
levels of ions in various tissues, each tree surveyed and 
sampled was assigned a damage-value, according to the system 
outlined in Table 1. Only sugar maples (Acer saccharum 
Marsh), and Norway maples (A. platanoides L.) were rated 
according to this system. The assignment of a rating number 
on a progressive damage-scale of 1-6 was made only after the 
tree had been judged on the basis of appearance of foliage, 
growth of terminal branches, and integrity of minor and 
major limbs. When less carefully scrutinized, trees were 
simply classified as "symptomless" or "healthy", "moderately 
damaged", and "severely damaged"„ An illustration of rated 
roadside trees may be seen in Fig. 1, and a close-up view of
foliar symptoms is shown in Fig. 2. Extreme foliar necrosis
or scorching, as shown in Fig. 3, was seen either occasionally 
on segments of moderately damaged trees, and of severely 
damaged trees, or it was seen as a generalized condition in 
some severely damaged trees. However, the condition of 
foliage remained as only one factor in. the overall rating 
system. Trees showing evidence of damage due to disease, 
construction activities, or pruning were avoided.
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Table 1. Damage rating scheme for roadside maples.





Moderate leaf chlorosis 









Overall leaf chlorosis and 
necrosis; definite reduction 
in terminal growth; minor limb Severely 
damage. damaged
Pronounced leaf chlorosis or 
necrosis; major limb damage.
Severely
damaged
Terminal stage of damage; 
trees either nearly barren 
of foliage and with extreme 
limb deterioration, or dead.
Severely
damaged
Figure 1. Roadside sugar maples rated for damage. First two trees 
left rated No. 1 (healthy); center tree rated No. 4 
(severely damaged); trees on extreme right rated No. 2 
(moderately damaged).
Figure 2. Range of foliar symptoms seem on damaged road­
side sugar maples. From the left and clockwise: healthy
leaves; tip-burn of leaves; marginal necrosis or scorching 
of leaves; and leaves showing chlorosis only.
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Figure 3. Extreme foliar necrosis, or scorching, on road­
side sugar maples, seen occasionally on moderately, or 
severely damaged trees, or as a general condition on 
severely damaged trees.
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Trees damaged by exposure to excess salts character­
istically exhibit premature coloration due to early senescence 
(see Frontispiece). Since this phenomenon generally occurs 
in early September, a few weeks in advance of normal sene­
scence, all trees were rated in the latter half of August 
in order to properly gauge foliage symptoms. Although one 
study compares chloride levels in June with those found in 
August for the same trees, ratings for these trees were made 
in August for the sake of consistency.
In recording rating data in the field, additional 
information was included for each tree, such as location, 
distance from the road, distance above or below the road 
grade, and dbh (diameter at breast height).
Trees selected for the study were located principally 
in Northwood, New Hampshire along a major state highway. 
However, the studies also included trees along town and city 
streets in Durham, Newmarket, Dover, and Portsmouth, New 
Hampshire, and along U. S. Route No. 1 in southern Maine.
A few trees included in the study were located in the State 
of Ohio, in wooded areas, and were chosen only for comparative 
value, as check trees.
Studies of white pine (Pinus strobus L.), and red 
pine (P. resinosa Ait.), were much less comprehensive than 
those conducted with maples, and no rating system was used 
in their regard. Data was recorded, however, indicating 
whether trees were lightly or severely scorched, and whether 
branch damage or die-back was evident.
B . S h o o t - g r o w t h  M e a s u r e m e n t s .
With a view towards ascertaining the effect of excess 
salinity on the shoot-growth of sugar maples, 47 trees of 
various damage ratings were selected specifically for the 
purpose of investigating growth. Six to twelve lateral
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branches, dependent on the diameter and overall size of the 
tree, were pruned from the crown of each tree, at approxi­
mately 25 ft above the ground-level. Branches were cut at a 
point 3-4 ft back from the lateral terminals of each branch, 
and only live branches were selected. The annual shoot in­
crements of growth for a 4-year span were determined by 
successive measurements from the base of the bud-scale scar 
for the current year, back to the previous year's bud-scale 
scar. The measurement was made for each of 4 full years, 
along a single axis, exclusive of the current growth. Where 
more than 1 shoot was present at a terminal position, as was 
frequently the case for salinized trees, the longest was 
measured. Where branch shoots occurred at a given bud-scar, 
only that growth continuous on a straight line axis toward 
the previous year’s growth was tallied in the total 4-year 
growth increment. The chloride analyses of foliage samples 
taken from the same trees during the previous year were 
recorded as a point of reference, and possible correlation.
C . R a d i a l - g r o w t h  M e a s u r e m e n t s .
Of the 47 trees included in the study of shoot-growth, 
9 were selected for further investigations of radial growth, 
as expressed by width of annual rings. Cores of 3/8 inch 
diameter were taken with a Swedish increment borer from 2-3 
faces of the bole. Radial sections of the cores were made 
in the laboratory with an improvised microtome, and soaked in 
a 107, sodium hydroxide solution for 3 hours to aid in visual­
izing the growth rings. Ring widths were measured to the 
nearest 0.1 mm, and encompassed bole growth for 25 years 
immediately prior to the current year.
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D . S a m p lin g ;  o f  F o l i a g e  a n d  T w i g s .
Foliage and twig samples were collected at the time 
of rating, and all samples were collected within a 2. or 3 
day span of time. Using a pole-pruner, terminal portions of 
lateral branches bearing foliage were removed from 3 or more 
locations on the road-side of the tree, excepting in studies 
where the front and back of the tree were being compared. 
Foliage was collected with a view toward having an aggregate 
representative of the overall condition of the tree. Thus, 
scorched leaves were frequently included in a sample, but 
were not collected exclusively of others showing less damage, 
unless the scorched condition was predominant in the tree. 
Only those leaves situated in the terminal shoot position of 
the lateral branch were selected for the sample. Small, 
newly forming leaves were discarded. Petioles were removed 
from the blade in the field, and usually 100 or more blades 
were placed loosely in 6 or 10-pound brown-paper grocery 
sacks. Twig samples, when taken, consisted of the current 
and previous year* s growth, clipped from the same branches 
from which foliage samples had been removed.
Controls included both healthy trees along the road­
side rated no. 1, and trees removed from the same roadside 
area by 75-100 ft, where these were available.
E . S a m p le  P r o c e s s i n g .
Once removed from the field, brown paper sacks con­
taining the foliage samples were placed directly inco a 
large, forced-air drying oven, and dried for 3 days at 50°C. 
After drying, samples were crushed in the bag, than ground 
in a Wiley mill through a no. 2.0 mesh sieve. The mill was 
completely brushed out after grinding each sample to remove 
any residue. The ground powder was mixed thoroughly, using 
a wooden paddle, and placed in baby food jars which had been
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cleaned thoroughly and rinsed in distilled water. Jars were 
sealed and labeled. Samples to be analyzed by flamephotometry 
were again dried in clean petri-plates prior to chemical 
digestion, at a temperature of 70°C for 3 hours. Samples 
were subsequently placed in a desiccator for cooling and 
then weighed. Twig samples were processed in a similar 
manner, however, they were dried initially for at least 10 
days before grinding.
F. Sap Collection.
Through the cooperation of the Future Farmers of 
America of Northwood, New Hampshire, sap from roadside trees 
which this organization had tapped in their area was sampled 
in March of 1965, and again in 1966. New polyethylene freezer 
bags were attached to the taps with elastic bands and allowed 
to fill. Some trees were sampled 3 times on alternate days. 
Additional trees were tapped in the Durham area both on the 
front, or side proximate to the road, and on the rear, away 
from the road. The latter trees were fitted with large 2 
gallon plastic receptacles from which samples were removed 
on alternate days for a 10-day period. Samples were trans­
ferred to clean Erlenmeyer flasks and refrigerated. Ratings 
were assigned to all of these trees as determined the follow­
ing August.
2. Ionic Interrelation Studies
A. Plant Materials.
Approximately 1,500 two-year old sugar maple seedlings, 
presumably half-siblings, were dug from a natural seeding area 
beneath an isolated, mature tree situated in a meadow area.
The seedlings were lifted in early spring of 1965 and trans­
ferred to an outdoor nursery area to be cultivated for a 
year, prior to experimental use in 1966.
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S e e d l i n g s  t o  b e  u s e d  i n  b o t h  g r o w t h - c h a m b e r  s t u d i e s  
a n d  i n  o u t d o o r  p o t  e x p e r i m e n t s  w e r e  s e l e c t e d  f r o m  t h e  
n u r s e r y  o n  t h e  b a s i s  o f  u n i f o r m i t y  i n  s i z e ,  a p p e a r a n c e ,  a n d  
v i g o r .
B. Tank Culture in Growth Chambers.
Nursery-selected seedlings, described above, were 
dug prior to opening of the buds, brought indoors, and washed 
free of all soil. Terminals of the stems were inserted 
through holes drilled in an 18 inch X 18 inch X 1 inch 
exterior-plywood, mounting-board, and fastened in place with 
"Q-tips". Each mounting-board had a capacity of 64 plants.
The boards and plants were mounted onto large, plastic wash- 
tubs having a capacity of 18 liters of nutrient medium.
Four such tanks with plants were prepared. Nutrient-aeration 
was provided to each tank by an air sparger and tygon-tiiAe, 
fitted to a small aquarium pump. An illustration of one of 
the nutrient-culture units is provided in Fig. 4.
Each tank was filled with a liquid, basal-medium, 
described in Table 2, and was placed in a controlled tempera­
ture growth-chamber in the University of New Hampshire Phyto- 
tron. Each chamber is fitted with 2 cool-white, 48 inch 
fluorescent bulbs, and two 100-watt incandescent bulbs. 
Initially, temperatures and lights were set to operate auto­
matically in the dark at a night-time temperature of 13°C 
for 10 hr, and with lights, at a day-time temperature of 18°C. 
After buds had opened and leaves expanded, temperatures were 
raised to a night-day range of 20-23°C. Once plant growth 
ensued, tanks were treated according to the four nutrient 
regimes described in Table 2.
Tanks receiving sodium chloride received an equiva­
lent of 5 meq/liter of nutrient solution, in the form of
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"rock-salt" used on New Hampshire highways. The 5 meq level 
was maintained for 6 weeks, after which time the level was 
increased to 10 meq/liter for 6 weeks. An analysis of the 
rock salt used, as performed by two separate laboratories, 
is presented in Table 3. Solutions in the tanks were 
changed every 10 days, and pH was adjusted to 5.8.
A model RD-B15 "Solu-Bridge Tester" was used to
O
determine the EC X 10 (electrical conductivity in millimhos/cm) 
values for each of the nutrient solutions. This value was 
then converted to an osmotic pressure value, and is recorded 
in Table 2.
C. P o t  C u l t u r e  i n  a  N a t u r a l  E n v i r o n m e n t .
Outdoor pot experiments were designed to duplicate 
tank-culture treatments in an outdoor environment, on an 
artificial soil medium; and to study the effects on plants 
of sodium ion, both with and without chloride presence, at 
minimal and at standard levels of potassium. Plants were 
selected from the nursery in early May of 1966 in the same 
manner as described in sections A. and B. above. One seed­
ling was placed in each of 1,000 4 1/2 inch plastic pots, in 
an artificial soil-mix of 3 parts washed, quartz sand : 2 
parts perlite. Plants were adapted to the mix, to which the 
basal medium described in Table 2 had been supplied for a 
period of 3 weeks. After plants had leafed out and resumed 
growth, 800 were selected and divided into 16 groups of 50 
plants/group. All plants were moved to a forested area at 
the University Horticulture Farm, and were randomized by 
group under a shaded natural canopy of mixed, mature hardwood 
and conifer trees. The 16 groups were distributed in an 
area approximately 50 X 100 ft. A black, polyethylene sheet 
was placed under each group of 50 pots to discourage growth
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Figure 4. Nutrient-culture tank unit used in ionic inter­
relation studies. Sixty-four sugar maple seedlings are seen 
inserted through a mounting-board, while roots, below the 
board, are suspended in 18 liters of medium, aerated by the 
aquarium pump, shown in the lower left corner.
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Table 2. Nutrient formulations used in tanks for studies of 
sodium chloride uptake by maple seedlings in presence of (a) 
minimal, and (b) standard levels of potassium.


















Basal nutrient plus 
NaCl at 5-10 meq/liter
0.9-1.1
4. Salinized standard 
potassium
Basal nutrient plus 
K^SO^ at 5 meq/liter
plus NaCl at 5-10 
meq/liter
1.1-1.4
* B a s a l  n u t r i e n t  w a s  b a s e d  o n  a  m o d i f i e d  H o a g lu n d *  s  m ed iu m  
f r o m  w h i c h  p o t a s s i u m  n i t r a t e  w a s  e x c l u d e d .  B a s a l  n u t r i e n t  
w a s  f o r m u l a t e d  a s  f o l l o w s :
Major elements: Minor elements
Ca(N03)2*4 H20 -- 1.180 g/liter H oB0, 3 4
MgS04 *7 H20 -- 0.490 g/liter MnCl2 -4 H2
KH2P°4
-- 0.140 g/liter ZnSO,-7 4 H2
CuSO, -5 4 H2
HoMo0,-Ho0 
2 4 2
-- 2.900 g/liter 
-- l o800 g/liter 
-- 0.220 g/liter 
-- 0.080 g/liter 
-- 0.020 g/liter
I r o n : One ml of a 0.5% "stock" solution of Dow Versenol F 
(Iron Sodium N-Hydroxyethylene diamine tri-acetate) 
is used for each liter of nutrient solution.
** Weights of minor elements given are for a 1 liter "stock" 
solution, from which 1 ml is used for each liter of 
nutrient solution.
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Table 3. Analyses data from separate laboratories for "rock 
salt", obtained from highway maintenance stocks, and used in 
ion interrelation studies.
Concentration




Magnesium . 016% . 004%
Manganese 1 ppm Less than
Potassium ---- . 016%
Copper 2 ppm Less than
Estimated purity:
(NaCl) --- 97.34%
*Analyses were conducted, respectively, by the Highway and 
Construction Materials Section, Dow Chemical Co., Midland, 
Michigan; and by the Engineering Experiment Station, 
University of New Hampshire, Durham, N. H.
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of grasses and weeds from below. The 16 groups allowed one 
duplication in treatment for each of 8 treatments planned. 
Duplicate groups were randomized so that no member of a pair 
occurred in an adjacent location.
Nutrient formulations used in the 8 separate treat­
ments are presented in Table 4. Each formulation was pre­
pared in a separate polyethylene jug which was labeled and 
color-coded to match the color-coded labels of individual 
pots in the field. All nutrients were prepared in distilled 
water and the pH adjusted to 5.8. Each individual potted 
plant received 50 ml of nutrient solution 3 times a week on 
alternate days. All pots were flushed once weekly with dis­
tilled water to prevent excess salt build-up. The experiment 
was conducted from early June until mid September.
D . S a m p le  C o l l e c t i o n , M e a s u r e m e n t , a n d  P r o c e s s i n g .
Foliage samples were harvested from tank-cultures 
after 12 weeks, and from pots in the field after 16 weeks.
A new series of tanks and plants were set up, and the tank 
experiments repeated to provide a duplicate experiment in a 
different time-frame. All plants growing on a single mounting- 
board, on a given nutrient tank, were harvested as one lot, 
thereby constituting an aggregate sample. Prior to harvest­
ing, each plant was measured with a centimeter scale to 
determine growth for the current season. Growth was measured 
from the point of origin in the bud forming the main leader, 
to the tip of the newly-formed terminal bud. Measurements 
were made in the same fashion for both tank-grown and pot- 
grown plants. The entire current year*s growth of the plant, 
including blades, petioles and stem, was harvested. Aggre­
gate samples were placed in large plastic freezer bags, 
sealed, and weighed immediately to determine fresh weights.
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Table 4. Nutrient formulations for studies of independent 
uptake of sodium and of chloride by potted maple seedlings 
grown outdoors in an artificial soil mix*; formulations for 
study of the influence of potassium availability on sodium 
chloride uptake.






Ca(N03)2 Basal + K^SO^ at 5 meq/liter
C 5
6
Ca(N03)2 Basal + NaCl at 5-10 meq/liter
D 7 Ca(N03>2
Basal + NaCl at 5-10 meq/liter 






NaN03 Basal + K2S0^ at 5 meq/liter
G 13
14
NaNC>3 Basal + NaCl at 5-10 meq/liter
H 15
16
NaNCh Basal + NaCl at 5-10 meq/liter 
+ K^SO^ at 5 meq/liter
*Artificial soil mix composed of 3 parts quartz-sand : 2 
parts perlite.
**Major elements of Ca(NO„)9 basal and NaNO^ basal nutrients 
as follows:
C a C N O g ^  B a s a l :
Ca(N03)2 *4H20 : 1.77 g/liter (15 meq)
MgSO^^H^O : .490 g/liter ( 4 meq)
Kl^PO^ : .140 g/liter ( 1 meq)
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( 5 meq) 
( 4 meq) 
( 1 meq)
(Minor elements for both basal nutrients, including iron, 
as in Table 2).
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Each aggregate sample of foliage was subsequently washed 
very quickly by filling the large plastic bags with distilled 
water, agitating briefly, and draining 3 times in succession. 
Thereafter, foliage was dried in paper sacks and prepared 
as described for roadside trees in section 1-E above. After 
thorough mixing, ground samples were divided into two sub­
samples. One sub-sample was retained in the plant pathology 
laboratory for chloride analysis, and the other was forwarded 
to the University Engineering Experiment Station for multiple 
ion-analysis by atomic absorption spectrophotometry.
3. Salinity Control Experiments
A. Plant Materials.
Short-term salinity control experiments, such as 
designed herein, are premised on the assumption that trees 
can be induced to accumulate sufficient levels of toxic ions 
in the foliage, in one season, to measure differences between 
treatments and controls. To assure some degree of success 
in this type of experimentation, only small trees and seed­
lings were selected for the experiments to be described. 
Approximately 150 bare-root sugar maple saplings, 4-6 ft, and 
75 younger bare-root plants, 1 1/2 - 2 ft, were obtained 
from the New Hampshire State Forest Nursery for establish­
ment in roadside and nursery plots. An additional 300 
seedlings were taken from the seedling-nursery source des­
cribed in section 2-A above, to be used in soil amendment 
studies.
B. Gypsum Amendments.
Five plot sites were chosen in Northwood and in 
Madbury, New Hampshire along state-maintained roads known to 
be salted heavily in the wintertime. The sites were on both 
public and private properties, 6-12 ft from the road edge.
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The bare-root saplings were planted in May of 1965, 12-15 to 
a plot. Each was set approximately 12 ft apart on a line 
parallel to the road. After foliage appeared, alternate 
trees were fertilized 3 times with a 12.-12-24 soluble 
fertilizer to aid in tree-establishment. Each tree received 
2 gallons of a very dilute solution on alternate weeks for 
six weeks, thereafter all trees received only a thorough 
watering weekly throughout the summer. A partial view of 
one plot is seen in Fig. 5.
In the autumn, after trees had gone into dormancy, 
the alternate fertilized trees in each plot received an 
application of agricultural gypsum (657o CaSO^) at a rate of 
5 ton/acre, distributed over and spaded 6 inches into the 
soil in a 4 sq ft area at the base of the tree. In view 
of the uncertainty whether salting done by the highway de­
partment would be adequate enough to provide a satisfactory 
test, one plot was chosen for hand salting. All trees in 
this, the "Northwood Elementary School plot", were manually 
treated with rock-salt over a 4 sq ft area at the base.
Salt was applied at the rate of 100 g/sq ft for the season, 
or a total of 400 g/tree. Aliquots of the total dose were 
applied in three separate months, December, January, and 
March.
In a separate but similar experiment, small 1 1/2 - 
2 ft saplings were planted in 6 outdoor cold-frames, 4 ft X 
5 ft. Alternate frames were fertilized and treated with 
gypsum in the same manner as the roadside trees described 
above. All frames received rock salt at the rate of 90 
g/sq ft for the season. Aliquots of the total does were 
applied in December, January and March.
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Figure 5. View of sugar maple saplings on roadside plot in 
which alternate trees were treated with gypsum to determine 
its value in salinity control. Plot trees are to the left 
of the road and are supported by wooden stakes.
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C. Soil Amendment Trials.
A final experiment in this series was designed to 
determine the value of various soil amendments and combina­
tions of salts in reducing adverse salinity effects. A 
supply of loam soil, obtained from the University farms was 
mixed thoroughly in a clean, concrete-mixer. A portion 
sufficient for filling 300 - 4 1/2 inch pots was divided 
into 4 lots. One lot was used in potting plants for 3 
separate, non-amended series. Of these series, one was a 
non-amended control series, which was to receive no further 
treatment; a second non-amended series was to receive sodium 
chloride applications during the winter in outdoor cold- 
frames; a third non-amended series was to receive winter 
applications of salt from which chloride was derived equally 
from sodium and from calcium chloride. The three remaining 
lots of soil were amended separately and respectively with
(a) agricultural gypsum at a rate of 2 ton/acre, (b) agri­
cultural gypsum at a rate of 4.3 ton/acre, (c) 1 ton/acre 
respectively of gypsum, lime, and superphosphate. All 
amended soils received winter applications of salt as rock 
salt, and at the same rate of total chlorides as in the 
non-amended treatments.
Each series, amended and non-amended, consisted of 
10 potted, 2-year old seedlings, replicated 5 times, or a 
total of 50 pots/treatment. Treatments and sequences of the 
series within the cold-frame are outlined in Table 5. Dor­
mant seedlings were planted in the various soil series in 
late autumn, and the pots were pushed into a sand, drainage 
bed within the outdoor enclosure of a 5 ft X 15 ft concrete 
block cold-frame.
Table 5. Schedule of soil amendments and salinizing treatments for 300 potted sugar 
maple seedlings in an outdoor cold-frame; diagrammatic representation of treatment 
sequence.













gypsum at 2 ton/acre,NaCl at 3 g/pot season.*
non-amended-------- j NaCl at 3 g/pot season.
gypsum at 4.3 ton/acre, NaCl at 3 g/pot season, 
non-amended-------- , NaCl'CaC^ mixture at 3 g/pot season.
gypsum, lime, superphosphate at 1 ton/acre each NaCl at 3 g/pot season.














Replicate 2 Replicate 3 Replicate 4 Replicate 5
Series (a) through (f) proceed as in Replica 1 
for each replicate 2 through 5.
*Salt applied to all series receiving it at 1 g/pot in December, January, and March.
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A mixture of sodium chloride-calcium chloride was 
prepared having equivalent chloride/g content to that of the 
pure sodium chloride source.* The salts were applied as 
required during three winter months in 1965-1966. Each 
plant, excepting controls, received salt on the soil surface 
at 1 g/application, or a total of 3 grams.
The treatment receiving 4.3 ton gypsum/acre appears 
excessive in view of the amount of salt applied, however, 
application at this rate appeared useful in assessing the 
effects of its excess per se, aside from the effects on 
salinity.
4. Nitrogen Metabolism Studies
A. Source of Materials.
Two separate sources of plant materials were utilized 
in studying the effects of salinity on the nitrogen metabolism 
of sugar maples: (a) foliage of roadside trees, representing
a progressively increasing concentration of chlorides, and
(b) foliage of seedlings grown in the nutrient tanks des­
cribed above. Since senescence, and the normal metabolic 
changes which accompany it, could confuse any data obtained 
relative to specific chloride effects, samples preferably 
were obtained in very early June from roadside trees, when 
growth was most vigorous. However, some samples were also 
obtained late in the season from severely damaged foliage.
Care was taken in collecting samples that all were from areas 
in the tree having a similar exposure to light. Samples for 
this purpose included petioles as well as leaf blades. Only 
a very limited amount of material was available from the 
nutrient tanks, since extensive ion-analysis was scheduled 
for foliage produced there. Therefore, only small discs of
*One mole CaCl^ equals 64% chloride; one mole NaCl equals 
60.6%. chloride.
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tissue were taken from the periphery of each leaf in the 
tanks, by means of a paper-punch. All foliage, from road­
side and tank trees, was carefully sealed in plastic bags 
and processed the same afternoon in which it was collected.
B. Preparation of Extracts.
Leaf samples which were to be analyzed for compara­
tive amounts of soluble and ammonia nitrogen, and to be 
characterized qualitatively for amino acids present, were 
extracted shortly after collection in boiling 80% ethyl 
alcohol. Samples were submerged in the hot alcohol for 10 
minutes and subsequently blendorized in a Sorvall omni­
mixer homegenizer. The homogenate was filtered through a 
Bdchner funnel, and the extract refrigerated until further 
processing. Total dry weight, both soluble and insoluble, 
was determined by drying the residue, and an aliquot of the 
soluble extract, overnight at 105°C. All subsequent calcu­
lations were based on the total soluble and insoluble dry 
weight which extracts, or their aliquots, represented. Where 
concentrations of extracts were required, as in the ammonia 
determination procedure described below, such concentrates 
were prepared by use of a rotary evaporator, attached to a 
Virtis lyophilizing unit, and a Welch duo-seal VMF vacuum 
pump. Concentrates for chromatographic work were prepared 
by first washing the extrac aliquot several times in petroleum 
ether to remove pigments, followed by concentration in the 
rotary evaporator.
5. Analytical Procedures
A. Cation Analysis of Foliar Tissues.
With the exception of chlorides and nitrogen compounds, 
the majority of ions of interest in studies of roadside trees, 
and of plants treated experimentally, were metallic cations.
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Foliage of roadside trees was initially analyzed only for 
sodium and potassium ions. All analyses were conducted in 
the plant pathology and physiology laboratories of the 
University. A Coleman Model 21 flame photometer, equipped 
with a Coleman Model 22 galvometer, was used in determina­
tions of sodium and potassium, basically according to pro­
cedures of sample preparation and analysis described by Toth 
et al. (75), who had used a Perkin-Elmer flame photometer, 
requiring an internal lithium standard. Use of the Coleman 
model required the preparation of a series of known solutions, 
the derivation of a standard curve, and the plotting of un­
known readings against the curve. An illustration of the 
instrument and of various steps in the analytical procedure 
is presented in Fig. 6.
In the ionic interrelation studies of plants grown 
in tanks, and in pots in defined medium, it was most desir­
able to determine a wide range of cation levels with a high 
degree of analytical precision. Samples were therefore sent 
to the Engineering Experiment Station at the University, 
where analyses for calcium, magnesium, potassium, sodium, 
manganese, iron, copper, and zinc were done by atomic absorp­
tion spectrophotometry. The method which is more sensitive 
and precise than simple emission flame photometry, is based 
on a measurement of projected light energy absorption, by 
atoms sprayed into a flame from a sample solution.
B. Chloride Determinations.
Chlorides were determined frequently throughout this 
study, and were done according to the procedure described 
by Button (16). One gram of dried, powdered plant material 
was brought to a boil in 30 ml of 0.1 N nitric acid to wet 
the material, and subsequently was soaked overnight in a
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Fig. 6. Flame photometer apparatus used in analyses of 
foliage for sodium and potassium cations. Sequence of the 
analytical procedure involves, from left to right, collection 
and drying of foliage sample; preparation of ground sample; 
successive digestion of aliquot in nitric and perchloric 
acids; dilution of mineral residue to range comparable to 
standard known solutions; and reading in the flame apparatus. 
The galvometer used to indicate energy emission is not shown.
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total of 150 ml 0.1 N nitric acid. Duplicate samples were 
prepared, if sufficient material was available. Samples 
were placed on a magnetic stirrer, and titrated with 0.014 M 
silver nitrate solution, utilizing a silver-silver chloride 
electrode (Beckman no. 39,261), paired with a reference 
electrode (Beckman no. 40,498). A Beckman model G pH meter 
was used as the potentiometer in this determination„ Values 
were determined by computation from the titre of the silver 
nitrate solution, which was periodically re-determined by 
titration of known amounts of pure sodium chloride.
on the plant extracts, prepared as described in section 4-B 
above. Soluble nitrogen was determined by nesslerization of 
aliquots representing a calculated dry weight of material, 
according to the procedure outlined by Umbreit (76) . The 
procedure required the digestion of extracts on a Kjeldahl 
rack, followed by addition of alkali and coloring reagents, 
and reading on a Coleman model 14 spectrophotometer at 490 
millimicrons. A standard curve was determined simultaneously 
for known concentrations of ammonium sulfate, and the un­
knowns calculated from the standard curve.
the determination of ammonium nitrogen in the extracts, 
according to the method devised by Conway (21), and modified 
by Obrink (64). Aliquots of plant extracts, representing 
equivalent amounts of total dry matter, were concentrated in 
vacuo, and then reacted with potassium carbonate within the 
sealed diffusion dishes. The ammonia nitrogen which was ab­
sorbed by a 1% alcoholic boric acid solution containing 
micro-Kjeldahl indicator within a central chamber, was sub-
C. Soluble and Ammonia Nitrogen Determinations. 
Soluble and ammonia nitrogen values were determined




sequently titrated with 0.02 N hydrochloric acid, delivered 
through a micro-burette. Standardized hydrochloric acid was 
required for all titrations.
D. Amino Acid Characterization.
Aliquots of plant extracts representing 5.0 grams of 
dry matter were concentrated, after acidification, to a con­
centration of 1 g dry matter/2 ml. Unknowns, and a mixture 
of 17 known amino acids, were spotted initially on one­
dimensional 7 1/4 inch X 22 1/2 inch Whatman no. 1 sheets.
The sheets were run in descending fashion in the upper layer 
of a 4:1:5 butanol-acetic acid-water solvent, as described 
by Smith (71). Chromatograms were developed in a 0.2%, 
ninhydrin-acetone solution. Two-dimensional chromatograms 
were run on large Whatman no. 4 sheets, 18 1/4 inches X 22 
1/2 inches. All sheets employed in two-dimensional work 
were first washed in 0.01 M versene. An 80% phenol solvent, 
containing 0.5% ammonium hydroxide and 0.002% 8-hydroxyquino- 
line, was employed as the solvent for the second dimension.
A few chromatograms were run only in one dimension in the 
4:1:5 butanol-acetic acid-water solvent, and subsequently 
developed in Ehrlich1s reagent (p-dimethyl-amino-benzaldehyde, 
10%, w/v in concentrated HC1 1 vol., acetone 4 vol.) to 




1. Results of Field Surveys and Sample Analysis.
Tree surveys and ratings, and collection of samples 
in 1964 were conducted in late August, when damage symptoms 
were most prominent and distinctive. Foliage samples col­
lected at that time were analyzed for sodium, potassium, and 
chloride. These values are tabulated in Tables 6, 7, and 8, 
and are summarized statistically in Table 9. The use of a 
system whereby trees were rated 1 through 6 was a very con­
venient method for classifying trees in the field, and also 
aided in focusing attention on details, however, in the 
analysis of data, these classes were further sub-grouped 
into only three categories, "healthy", "moderately damaged", 
and "severely damaged".
The values summarized in Table 9 indicate that foliar 
accumulations of sodium, relative to tree damage, are statis­
tically significant only in severely damaged trees, whereas 
chloride values for both moderately and severely damaged 
trees are significantly different from values found in 
healthy trees. Very possibly reflecting the physiological 
processes involved, a wide disparity exists in the ratio of 
chloride to sodium in the moderately damaged trees whereas 
this ratio is considerably narrowed in the severe damage 
category. It appears as if the less mobile sodium ion is 
not present at appreciable levels in the foliar tissues 
during the early stages of damage, but is prominent in 
terminal damage. When chloride to sodium ratios are viewed 
according to the size of tree bole, as in Table 10, the mean
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Table 6. Sodium, chloride, and potassium values for foliar













107 30 100 .02 .07 .79 3.5
113 15 20 .02 .07 .70 3.5
115 24 100 .01 .07 .75 7.0
117 24 15 .03 .06 --- 2.0
118 30 200 .03 .09 .67 3.0
12.4 2.4 200 .03 .05 .61 1.7
126 2.4 30 .03 .05 --- 1.7
133 24 100 .02 .06 --- 3.0
153 12 100 .02 .03 .46 1.5
154 12 100 .02 .02 --- 1.0
182 10 50 .02 .04 --- 2.0
184 6 12 .02 .09 --- 4.5








*A11 trees rated no. 1.
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Table 7. Sodium, chloride, and potassium values for foliar









% in. dry imatter
Cl”:Na+
ratioNa+ Cl" K1-
101 18 12 .07 .15 .56 2.1
103 16 12 .04 .32 .86 8.0
105 24 12 .05 .44 .12 8.8
106 12 10 .02 .06 .47 3.0
108 12 10 .02 .09 -- 4.5
112 12 20 .05 .50 .63 10.0
125 24 5 .02 .16 -- 8.0
129 18 10 .06 .16 .56 2.7
147 18 15 .02 .31 --- 15.5
148 12 20 .02 .13 .84 6.5
149 12 20 .02 .07 --- 3.5
155 18 10 .03 .49 .74 16.3
156 18 20 .03 .53 --- 17.7
158 18 20 .03 .30 .53 10.0
159 18 15 .02 .21 .72. 10.5
166 5 20 .02 .04 -- 2.0
168 18 15 .01 .55 -- 55.0
171 15 20 .02 .10 -- 5.0
172 15 20 .02 .43 -- 21.5
179 3 2.5 .02 .32 -- 16.0
183 6 15 .03 .54 -- 18.0
Mean Na+ : . 03%
Mean Cl" : .28%
Mean K+ .66%
Mean Cl":Na+ : 11.6
*A11 trees rated in damage class nos. 2-3.
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Table 8. Sodium, chloride, and potassium’values for foliar
tissues of severely damaged* sugar maple trees sampled in
August, 1964.
Distance % in dry matter:
Tree dbh from + Cl“:Na+
no. (inches) road (ft) Na Cl- K ratio
102 18 10 .15 .42 .47 2.8
104 16 12 .04 .29 1.39 7.3
109 8 15 .48 .60 .54 1.3
119 15 15 .10 .16 .63 1.6
120 15 15 .30 .25 .44 1.0
123 6 5 .45 .12 .41 0.3
127 10 10 .14 . .39 .82 3.0
128 30 10 .08 .59 .79 7.0
131 20 8 .04 .12 .44 3.0
135 28 4 .07 .78 .56 11.0
136 24 3 .29 1.01 .69 3.0
137 15 6 .17 .76 .64 4.5
138 15 6 .17 .78 --- 4.6
140 2.4 15 .06 .84 --- 14.0
144 24 1 .04 .01 .67 0.3
145 18 1 .25 .23 --- 1.0
146 18 1 .03 .58 --- 19.3
150 6 10 .2.5 .16 .53 0.6
157 18 15 .16 .35 .42 2.2
160 18 12 .04 .44 --- 11.0
161 18 10 .06 .28 --- 4.7
163 8 1 .46 .74 .51 1.5
164 10 1 .73 1.30 --- 1.5
167 30 4 .02. .06 --- 3.0
170 15 20 .28 .23 --- 1.0
173 2.2 2 .03 .10 --- 3.0
174 15 15 .02 .16 --- 8.0
175 22 3 .07 .16 --- 2.0
176 22 6 .02 .22 --- 11.0
177 30 6 .04 .44 --- 11.0
178 10 12 .30 1.08 --- 3.5
180 15 10 .02 .32 --- 16.0
181 10 15 .03 .12 --- 4.0
185 18 10 .49 .61 --- 1.2
186 12 15 .06 .16 --- 2_J_
Table 8 - (cont.)
Mean Na+ : .11%






*A11 trees rated in damage class nos. 4-6.
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Table 9. Summary of mean sodium, chloride, and potassium 
values for foliar tissues of healthy and damaged roadside 











*Na+ : 0.02% a 0.03% a 0.17% b
*Cl“ 0.06% a 0.28% b 0.42% b
**Cl“:Na+ : 2.9 a 11.6 b 4.9 a
**K+ : 0.66% a 0.66% a 0.62% a
*Values followed by different letters are significantly 
different at the 170 level (method of lsd) .
**Values followed by different letters are significantly 
different at the 5% level (method of lsd).
Table 10. Chloride : sodium ratios in foliar tissue of severely damaged sugar 
maples of increasing bole sizes.
Tree Cl :Na Ratio









Mean Cl : Na+ 
ratio:
1.9 a*
Tree Cl :Na Ratio



















Tree Cl :Na Ratio












*Values followed by the same letter are not significantly different at the 
5% level (method of lsd).
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values suggest that sodium moves more rapidly to the crowns 
and to the foliage of younger trees than it does in larger, 
older trees with more substantial boles. Although differ­
ences in the mean values were not statistically significant 
in this instance, an analysis of a larger population might 
uphold the hypothesis that sodium moves more slowly in 
larger trees. Offering additional complexity in this regard 
are those occasional analyses of trees which are near death, 
and which sometimes show higher levels of sodium than of 
chloride. One speculative interpretation of this situation 
would be that the sodium present is largely residual from 
uptake of previous years, while the uptake of chloride is 
waning as a result of extensive root attrition.
Only half of the foliage samples collected were 
analyzed for potassium, and statistical analyses data in­
dicate no differences between the values determined for 
healthy and for damaged trees. Since no soil analyses were 
performed in this study, no assumptions can be made perti­
nent to the availability of potassium, nor is the data 
sufficient in scope to compare roadside trees with trees 
removed from the roadside.
In 1965, foliage samples were collected in early 
June, and again in late August from the same trees. Ratings 
were made on the basis of symptoms exhibited in August.
Data provided in Tables 11, 12 and 13 show that there were 
significant increases in foliar chloride for both healthy 
and moderately damaged trees in the time span between 
sampling. In the severely damaged trees, however, there was 
only a slight, but non-significant rise in chlorides over 
an already high, early summer level. The early uptake of 
excessive amounts of chlorides in the latter group would 
account in part for the severity of the damage.
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Table 11. Comparative foliar chloride values for healthy* 













519 12 200 .03 .05
521 12 200 .05 .09
526 20 50 .09 .09
528 20 60 .09 .07
536 48 25 .01 .05
544 36 50 .03 .09
564 30 100 .06 .11
575 10 60 .03 .02
578 24 12 .04 .11
579 24 100 .03 .06
581 24 25 .04 .07
Mean °{, Cl" : **.05% a .07% b
*A11 trees rated no. 1.
**Values followed by different letters are significantly 
different at the 57. level (method of lsd) .
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Table 12. Comparative foliar chloride values for moderately 













522b 16 8 .12 .33
538 20 25 .05 .13
540 20 25 .02 .06
542 20 20 .11 .15
548 18 8 .06 .12
550 18 8 .06 .14
566 15 20 .03 .82
582 15 2.0 .16 .11
Mean 7. Cl" : **. 087, a .237. b
*A11 trees rated in injury class nos. 2-3.
**Values followed by different letters are significantly 
different at the 57. level (method of lsd).
/
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Table 13. Comparative foliar chloride values for severely-









% Cl“ in dry matter
June sample August sample
507 40 15 .07 .16
509 40 15 .14 .28
511 36 15 .06 .15
513 30 10 .05 .23
517 36 12 .22 .38
524 36 8 .32 .36
530 36 4 .03 .21
532 36 4 .17 .38
534 32 4 .24 .41
546 18 10 .12 .10
552 18 8 .07 .15
557 18 2 .19 .42
558 15 2 .54 .96
560 15 15 .10 .17
562 18 10 .29 .46
563 6 10 .11 .11
567 18 10 .16 .34
568 15 6 .37 .57
569 24 6 .65 .82
570 18 15 .39 .34
571 18 12 .06 .30
572 10 12 .50 .66
573 15 10 .17 .30
574 10 15 .10 .07
577 24 3 1.35 .80
580 10 10 .35 .35
582 15 20 .16 .11
587 22 2 .11 Dead
588 15 15 .15 .15
Mean °to o
1 1
**.25% a .35% a
*A11 trees rated in damage class nos. 4-6.
**Values followed by the same letters are not significantly 
different at the 5% level (method of lsd).
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Most pertinently, the comparison of early and late 
summer samples emphasizes the relevance of time of sampling, 
if foliage analysis is to be utilized as a diagnostic tool. 
Additionally, it appears that foliar accumulation of 
chlorides continues through the summer. Whether this chlor­
ide is derived from the soil or has been rising in the bole 
since spring is not known. Various investigators have noted 
that most chlorides are leached from the soil soon after 
highway salting is discontinued, however, it was noticed 
during this investigation, in a very severe drought period 
in New England, that salt occasionally would arise and 
crystallize on the surface, adjacent to roads in mid-summer, 
possibly due to capillary action. Conceivably salts may 
have been similarly present in three root-zones and absorbed 
at that time.
In Table 14, respective amounts of chlorides appear­
ing in foliage and in shoots from trees of each damage class, 
reflect the high degree of mobility of the chloride ion. 
Although the mean levels in the foliage increases appreciably 
in damaged trees, the amount in shoots varies little above 
the levels found in healthy shoots.
Just as studies of the relative values of chloride 
in foliage and in shoots signifies the mobile, even centri­
fugal nature of the chloride ion in maple trees, the compara­
tive analyses of sodium and chloride in sugar maple sap may 
provide further evidence of the static nature of the sodium 
ion. Analyses of sap samples, tabulated in Table 15, illus­
trate progressive and substantial mean increases in sodium 
content with increasing damage. Mean chloride values for 
sap samples, recorded in Table 16, are generally quite low, 
with few exceptions, even in severely damaged trees.
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Table 14. Comparative chloride values for foliage and 
shoots of healthy and damaged roadside sugar maple trees, 











313 .07 .07 1.0
315 .07 .02 3.5
317 .06 .02 3.0
318 .09 .03 3.0
326 .05 .02 2.5







Tree %C1 %C1 foliage
no. foliage shoots shoots
312 .51 .11 4.5
325 .16 .03 5.0
329 .16 .04 4.0
355 .49 .06 8.0
356 .53 .04 13.0
359 .21 .03 7.0















309 .60 .20 3.0
319 .16 .04 4.0
323 .12 .04 3.0
324 .05 .02 2.5
327 .40 .10 4.0
328 .59 .05 12.0
331 .12 .02 6.0
335 .78 .06 13.0
336 1.01 .07 14.0
338 .78 .05 15.5
339 .84 .07 12.0
344 .02 .01 2.0
345 .23 .03 8.0
346 .58 .09 6.5
357 .35 .05 7.0
361 .28 .05 5.5
363 .74 .09 8.0





*Shoot growth samples consisted of current and previous year’s 
growth.




Moderately Damaged Severely Damaged
% Na+Sample ppm Na+ Sample ppm Na+ 7o Na+ Sample ppm Na'
no. sap foliage no. sap foliage no. sap foliage
1 5.2 ___ 10 28.0 --- 11 46.0 ___
2 4.2 --- 12. 39.5 --- 17 122.5 .10
3 10.9 --- 13 23.5 --- 22 23.0 .23
4 17.5 --- 18 9.8 .12 23 184.0 .16
5 1.0 --- 19 41.4 .14 24 143.0 .28
6 24.5 --- 20 110.0 .15 25 122.5 .15
7 8.3 --- 29 148.0 .33 26 28.8 .38
8 1.2 --- 37 18.5 .13 30 107.5 .37
9 2.8 --- 39 39.6 .15 33 87.3 .27
14 6.0 --- 42 33.0 --- 34 85.0 .38
15 3.2 --- 43 43.8 --- 35 150.5 .41
16 1.7 --- 44 94.5 --- 41 16.0 ---
27 1.0 .05 45 36.8 --- 48 31.5 ---
28 7.4 .09 49 1.0 --- 52 39.0 ---
31 15.6 .09 50 13.8 --- 54 97.0 ---
32 4.6 .07 51 5.8 ---
36 1.0 .05 53 41.5 ---
38 8.8 o06 55 31.5 ---
40 1.7 .09 56 1.0 ---
46 1.0 --- 57 36.8 ---








39.8 ppm 85.5 ppm
*Values represent a single sap sample collected in March, 1965, and foliage samples of 
the same trees collected in August, 1965.
Table 16. Comparative chloride values* for sugar maple sap samples and for foliage 
samples of the same trees.
Healthy Moderately Damaged Severely Damaged
Sample ppm Cl- % Cl” Sample ppm Cl” % Cl" Sample ppm Cl" %, Cl"
No. sap foliage No. sap foliage No. sap foliage
1 3.1 .10 5 4.5 .23 14 14.6 .41
2 3.6 .14 6 4.5 .12 15 10.7 .10
3 3.6 .13 9 4.5 .11 16 29.5 .10
4 3.1 .11 10 15.4 .14 17 4.0 .24
7 3.1 .16 11 4.6 .30 19 12.3 .21
8 7.1 .07 28 5.4 .11 20 11.4 .45
22 3.2 .07 29 1.4 .05 21 11.2 .37
23 4.7 .15 31 12.3 .11 24 9.4 .35
27 2.4 .04 35 5.6 .30 25 18.8 .37
32 5.9 .07 38 6.5 .16 26 4.3 .07
36 2.7 .08 39 4.1 .10 33 7.0 .11
37 3.6 .09 40 4.7 .02 45 7.9 .17
41 2.1 .02 44 1.0 .08 46 3.0 .13




3.9 ppm 0.10% 5.7 ppm 0.14% 12.9 ppm 0.34%
*Sap Cl values given are the mean of 3 or more samples collected on alternate days in 
March, 1966; foliage samples collected in August, 1966.
66
The rather low levels of chloride in spring sap, in 
marked contrast to the amounts accumulating in severely 
damaged foliage, suggests strongly that the bulk of absorp­
tion from the soil occurs at a later date when buds open and 
transpiration rates increase. Perhaps the disparity in 
relative levels of sodium and chloride may be attributed to 
residual amounts of sodium carried over from previous years 
in the wood parenchyma tissues, and chat only minimal amounts 
of chloride are absorbed from the soil solution.
Figures 7 and 8, respectively, illustrate the amounts 
of sodium and chloride occurring in the sap samples analyzed, 
relative to distance of the trees from the road. Sap 
samples collected close to the road portray a broad range 
of sodium values, whereas chloride values for sap of road­
side trees differ little from those of trees at some dis­
tance from the road.
Six trees were selected in 1966 for a further study 
of sap values. This group exhibited a characteristic uni­
lateral damage frequently seen in sugar maples close to the 
roadside. In late summer, such trees may display prematurely 
colored leaves and thinning growth on the damaged side only, 
as depicted in Figure 9. During the dormant season, the 
damaged side of the crown, normally that side proximate to 
the road, may display very prominent unilateral limb deteri­
oration, which is not quite so conspicuous when foliage is 
present. Sap samples were taken from each side of the 
trees, every other day for a 10 day period. Chloride 
analyses of these samples are presented in Table 17. While 
the values are generally low for both sides, they are 
typically higher on the damaged side of all trees. Obviously 
the root zone of one side of such trees would be exposed to
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Figure 7. Sodium content in sap samples of sugar maple 
trees relative to distance of trees from the road. Values 
represent single sap samples collected in March, 1965.
Figure 8. Mean chloride content in sap samples of sugar 
maple trees relative to distance of trees from the road. 
Values represent mean of 3 or more samples collected on 
alternate days in March, 1966.
$ 0 3 ■ y M • " c
C F f J « A *
t e n t  :
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Figure 9. View of characteristic unilateral damage fre­
quently seen on the side of salt-damaged sugar maple trees 
proximate to the road. The effect is often seen equally as 
well on trees not immediately overhanging the road pavement. 
(Photographed in Northwood, N„ H., August 27, 1966.)
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Table 17. A comparison of mean chloride values for sugar 











% in dry 
matter***
119 no. 5 7.9 2.9 .17
136 no. 6 47.5 3.9 .89
15 no. 4 29.5 10.7 .10
38 no. 2 6.5 4.1 .16
40 no. 2 4.7 2.1 .02
43 no. 3 11.4 1.0 .79
*Da.maged side of all trees was that side proximate to the 
road; opposite side showed less damage, or was completely 
lacking in symptoms.
**Mean value of 5 samples collected on alternate days for 
10 days in late March, 1966.
***Foliage samples collected in August, 1966 from damaged 
side of trees.
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higher salt concentrations than the other, particularly is 
this so when snow-plows windrow salt-laden snow against the 
base of a tree. Unilateral damage is not generally seen in 
very young trees, nor in those receiving uniform drainage 
from the road. Tree no. 136, listed in Table 17, is an ex­
ceptionally interesting case in this study. Not only is the 
sap chloride for the front of the tree the highest recorded, 
but foliage levels of chloride in the spring immediately 
following reached a rare, high level of 1.64%. Investigation 
showed that a storm sewer draining a curbed city stree is 
situated immediately in front of the tree. It seems plaus­
ible that some of the trees roots received an abnormally 
high supply of both salt and water.
For the purpose of ascertaining the relative role of 
growth retardation as an isolated factor in the decline 
syndrome, the growth increments for a 4-year period were 
measured in each of 364 branches from trees representing all 
damage rating classes. Close examination of numerous damaged 
branches revealed a characteristic growth pattern quite dis­
tinct from the one normally found in healthy trees. This 
contrast is illustrated in Figure 10. In branches of trees 
having high damage ratings, terminal buds had quite frequently 
died or not developed in the previous years, and resultantly, 
a bizarre, angular growth pattern ensued as lateral buds 
each grew outwardly from the aborted terminal.
Mean annual increments of growth, and the associated 
foliar chloride levels are tabulated, and the statistical 
significance indicated in Table 18. Separate values are 
presented for the mean increment based on a 4-year growth 
period (1962-1965), and for the mean increment of the 
final 1-year growth period alone (1965). Chloride values 
were those of foliage from the final, 1-year period, and
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Figure 10. A comparison of damaged and healthy shoot growth 
for sugar maple trees of approximately equal size, growing 
near salted highways, and removed from the highway, respec­
tively. Samples on the left represent the growth increment 
for 12. years total growth on a tree which had accumulated 
very high levels of chloride.; samples on the right represent 
a 4 year growth increment on a healthy tree which accumu­
lated only the normal low level of chloride expected in 
non-roadside trees.
Table 18. Measurements of mean annual shoot growth increments in 364 shoots of 39 road­
side sugar maples for 4-year periods of growth, and for a 1-year growth period; correlation 
of growth increments with gross tree damage, according to rating classes; correlation of 
growth increments with foliar chloride content.
Shoot
replicates
4-year growth period (1962-65) 
Mean annual increment/shoot (cm)
Damage rating classes
1-year growth period (1965) 
Mean increment/shoot (cm)
Damage rating classes
(a) 1 (b) 2 (c) 3-4 (d) 5-6 (a) 1 (b) 2 (c). 3-4 (d) 5-6
1 (a)-(d) 10.5 16.5 4.9 1.3 8.6 19.3 2.6 1.5
2 7.1 9.6 5.1 1.0 9.4 7.8 7.0 0.9
T Itwt 7.5 8.5 5.2. 1.3 4.5 6.3 5.3 2.2
4 " 8.5 11.5 2.4 1.2 7.9 10.9 3.0 1.7
ZL M J 4.7 7.3 2.4 2.0 6.0 4.1 3.0 1.0
6 12.1 6.3 1.4 1.2 9.2 2.1 1.3 1.0
7 10.0 6 .6 6.3 1.6 8.7 3.0 8.5 1.4
8 8.9 6.6 4.3 1.6 8.1 3.1 5.6 1.0
9 " 16.0 12.8 5.5 2.5 19.0 14.6 8.0 1.1
10 " 9.1 10.3 5.4 2.7 13.1 14.0 7.6 0.5
11 14.9 7.7 3.6 1.1 20.7 10.9 2.1 0.7
12 " 13.9 6.0 2.3 2.1 20.3 7.8 2.2 0.9
13 11.5 11.1 3.0 2.1 17.2 10.7 4.4 1.2
14 3.9 11.6 3.1 2.2 3.7 15.6 3.4 1.0
15 3.6 6.9 4.5 1.8 5.8 15.0 1.8 1.0
16 6.2 6.2 2.0 2.0 8.9 8.4 2.9 1.2
17 6.2 4.4 5.5 2.2 15.2 5.9 6.1 3.5
18 6.4 9.4 4.6 2.0 7.9 11.2 2.5 1.5
19 6.7 7.1 2.6 1.4 7.1 3.7 1.2 1.1




4-year growth period (1962-65) 
Mean annual increment/shoot (cm)
Shoot  Damage rating classes______
replicates (a) 1 (b) 2 (c) 3-4 (d) 5-6
21 (a)-(d) 6.2 3.0 2.9 3.4
22 " 7.2 3.7 3.0 1.3
23 " 5.9 5.2 2.3 2.0
24 3.3 7.5 4.3 2.3
25 5.6 5.5 5.4 1.9
26 6.1 9.5 3.1 2.3
27 " 3.7 8.2 5.5 5.0
28 n 8.2 11.2 3.5 3.1
29 12.8 9.5 4.6 2.6
30 » 8.7 12.0 2.4 1.5
31 " 18.0 10.0 2.6 4.8
32 » 16.2 8.5 6.2 5.8
33 " 11.9 10.4 4.0 1.1
34 " 10.5 4.5 6.4 2.1
35 12.8 4.9 5.3 2.4
36 12.6 3.8 6.0 1.7
37 17.8 7.6 2.9 1.4
38 24.2 4.9 1.5 2.0
39 27.9 5.4 7.3 3.3
40 " 11.3 4.9 7.4 1.9
41 11.3 12.6 7.9 3.1
42 14.0 4.1 10.5 6.7
43 5.6 5.9 8.2 2.4
44 16.4 1.3 6.9 3.6
45 8.6 5.0 8.5 4.8
1-year growth period (1965)
Me an inc remen t/s hoot (cm)
 Damage rating classes______
(a) 1 (b) 2 (c) 3-4 (d) 5-6
3.4 10.3 4.6 2.8
1.3 3.6 3.2 1.0
2.0 5.5 3.5 1.5
2.3 7.1 7.0 2.0
1.9 5.8 7.8 1.5
2.3 6.1 4.8 2.8
5.0 8.5 7.9 5.1
3.1 7.7 1.1 3.4
2.6 9.8 9.0 3.6
1.5 11.8 1.6 1.4
4.8 13.5 3.0 6.2
5.8 4.4 3.6 4.1
1.1 10.8 7.0 0.8
2.1 4.6 9.1 4.2
2.4 2.2 10.0 1.0
1.7 3.8 7.2 1.5
1.4 8.3 4.9 2.5
2.0 5.8 1.3 2.9
3.3 5.0 9.2 2.2
1.9 5.1 7.3 2.3
3.1 22.2 5.1 5.4
6.7 5.8 12.5 4.8
2.4 7.7 5.0 0.6
3.6 1.1 8.1 2.5
4.8 7.0 3.5 4.3 (jo
Table 18. (cont.)
4-year growth period (1962-65) 
Mean annual increment/shoot (cm)
Shoot  Damage rating classes______
replicates (a) 1 (b) 2 (c) 3-4 (d) 5-6
46 ’(a)-(d) 11.9 2.6 4.8 3.0
47 10.9 3.3 2.8 1.7
48 10.5 2.4 2.7 2.1
49 11.3 2.5 4.7 2.8
50 9.9 13.9 6.0 1.4
51 13.1 7.8 3.3 2.2
52 17.3 5.2 2.1 2.6
53 16.7 5.5 6.7 5.1
54 9.6 2.5 3.1 3.2
55 4.3 2.1 5.9 5.2
56 7.2 3.0 6.9 4.2
57 5.9 2.7 4.2 2.7
58 4.4 3.0 1.3 2.9
59 6.5 7.1 6.4 3.5
60 7.4 4.0 3.5 4.4
61 10.9 4.6 1.6 4.0
62 11.4 3.8 2.3 3.7
63 " ‘ 7.3 2.9 4.3 3.0
64 8.0 4.5 3.9 4.4
65 4.7 5.7 11.2 3.8
66 4.5 6.0 7.1 2.1
67 5.1 7.5 4.3 3.3
68 4.9 5.4 5.0 2.8
69 7.0 9.7. 3.1 2.7
70 6.8 9.7 3.8 7.6
1-year growth period (1965)
Mean increment/shoot (cm)
 Damage rating classes______
(a) 1 (b) 2 (c) 3-4 (d) 5-6
8.0 3.2 5.4 4.2
12.0 3.2 6.1 1.9
14.3 3.1 2.1 3.5
18.9 3.0 3.5 6.3
17.0 19.2 1.1 1.2
17.9 8.0 2.5 2.3
20.3 6.2 2.1 3.7
21.3 6.2 11.2 2.5
7.1 1.8 2.0 3.4
4.0 1.7 4.9 4.7
11.8 2.6 3.7 2.2
6.4 2.8 1.6 3.2
7.0 2.1 1.7 2.0
8.8 12.8 10.6 1.8
4.8 10.0 1.7 6 .6
25.9 8.3 3.0 7.3
9.1 5.1 2.1 8.9
2.4 4.7 2.0 6.1
8.8 10.1 3.5 7.1
7.7 7.2 4.3 5.0
5.5 7.3 3.2 3.2
11.5 7.2 2.0 5.3
7.8 5.0 9.0 3.3
7.5 7.3 1.0 3.1
8.4 6.4 4.8 5.0 -p*
Table 18. (cont)
4-yesr growth period (1962-65) 
Mean annual increment/shoot (cm)
Shoot  Damage rating classes______
replicates (a) 1 (b) 2 (c) 3-4 (d) 5-6
71 (a) -(d) 6.1 8.8 2.5 3.3
72 1 7.3 9.8 4.0 8.0
73 f 6.1 5.1 1.7 2.2
74 f 4.7 4.9 1.8 2.6
75 I 5.1 3.6 2.8 3.6
76 1 7.6 7.1 2.4 2.1
77 (b) -(d) 5.2 6.5 3.1
78 I 4.3 5.1 4.2
79; ! 8.7 3.6 6.9
80 I 7.2 3.8 3.2
81 r 3.5 3.9 2.8
82 ! 6.7 3.6 3.3
83 (b) -(d) 6.0 3.3
84 1 4.6 1.9
85 f 9.0 6.6
86 J 11.6 1.7
87 t 9.2 4.1
88 1 5.6 1.8
89 I 8.6 1.4
90 ! 12.5 3.5
91 1 9.3 2.2
92 f 9.4 2.0
93 I 10.1 1.3
94 ! 9.5 4.8
95 (d) 1.6
1-year growth period (1965) 
Mean increment/shoot (cm)










































































4-year growth period (1962-65) 
Mean annual increment/shoot (cm)
Damage rating classes
1-year growth period (1965) 
Mean increment/shoot (cm)
Damage rating classes
replicates (a) 1 (b) 2 (c) 3-4 (d) 5-6 (a) 1 (b) 2 (c) 3-4 (d) 5-6

















*Mean annual increment, 4-year growth period:
(a) 9.39 cm a (b) 6 .95 cm b (c) 4.38 cm c (d) 2.99 cm d
**Mean annual increment, 1-year growth period:
(a) 11.48 cm a (b) 7.40 cm b (c) 4.40 cm c (d) 3.15 cm d
***Mean % Cl , 1965:
(a) .08% a (b) .13% a (c) 26% b (d).35% b
Table 18. (cont.)
*Values followed by different letters are significantly different at the 1% level (lsd).
**Values followed by different letters are significantly different at the 17o level (lsd) 
excepting for differences between (c) and (d), which are significantly different at the 
2.5% level (lsd).
***Values followed by different letters are significantly different at the 57. level (lsd).
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were correlated with growth for that year (1965). Current 
growth at the time of measurement (1966) was not included in 
the individual measurements.
The statistical data indicate that the retardation 
of growth is a highly significantly factor in the etiology 
of maple decline along the roadside, and further, that re­
ductions in growth correlate significantly with foliar 
chloride levels.
Radial growth, as seen in rings of cores removed 
from trees with an increment borer, was highly variable 
within individual trees, as well as between trees of differ­
ent damage ratings. Significantly, however, the radial 
growth of severely damaged trees in roadside drainage areas 
in a few cases exceeded growth of nearby healthy trees less 
exposed to road drainage. If water availability, due to 
water drainage, was a significant factor enhancing radial 
growth, it may simultaneously have been the vehicle convey­
ing salt from road to tree.
Comparative studies of sugar maples and Norway maples, 
as summarized in Tables 19 and 20, reveal that not only is 
Norway maple tolerant of higher levels of chlorides than 
sugar maples, but also that Norway maples naturally accumulate 
more chlorides in natural wooded areas away from roadsides. 
Intra-generic differences in trees growing in Ohio woods 
were similar to those found in New Hampshire trees.
A brief field survey, and analysis of foliar tissues 
of white pine (Pinus strobus L.), and red pine (P. resinosa 
Ait.), while not as comprehensive as studies conducted with 
maples, would similarly implicate the use of highway salt 
in the decline of roadside pines. A summary of this inves­
tigation is presented in Table 21, and views of the sites 
surveyed are presented in Figures 11, 12, and 13.
Table 19. Comparative foliar chloride values for healthy sugar maples (Acer saccharum 














NS-41 New Hamp. 1/2-1* .04 N-28 New Hamp. 22 .20
NS-42 n  it 1-2* .02 N-29 1 !  11 24 .27
NS-43 f t  rr 4 .02 N-30 I T  IT 20 .21
NS-44 ? !  IT 1-4* .02 N-31 I T  11 1/2-1* .17
NS-45 I T  IT 18-24* .06 N-32 1 1  It 1/2-1* .12
NS-48 1 !  IT 12 .05 N-33 1 1  11 8 .21
NS-49 I I  IT 1/4-1/2* .03 N-34 I T  M 8 .14
N-36 T !  11 5 .10
N-37 1!  II 1* .12
N-38 1 1  II 3 .07
N-40 I T  IT 10 .20
NS-50 Ohio 18-20** .05 N-54 Ohio 4 .20
NS-51 IT 8 .08 N-55 I! 2 .15
NS-52 1! 2 .08 N-56 11 1 .27
NS-53 If 1/2 .03
Mean 7,
C 1 “ :
. Q47a*** . 1771
*Aggregate sample of 10 trees.
**Aggregate sample of 3 trees
***Values followed by different letters are significantly different at the 17, level 
(method of lsd).
Table 20. Comparative foliar chloride values for healthy and for moderately to 
severely damaged Norway maples (Acer platanoides L.) growing within 15 ft of a roadside.















%, Cl" in 
dry matter
N-l 8 no. 1 0.56 N-2 6 no. 5 1.33
N-9 12 no. 1 1.31 N-3 10 no. sJ 0.84
N-10 12 no. 1 0.39 N-4 5 no. 2 0.54
N-ll 12 no. 1 0.33 N-5 8 no. 2 0.98
N-12 12 no. 1 0.33 N-6 8 no. 3 1.24
N-15 12 no. 1 1.03 N-7 8 no. 4 1.56
N-18 10 no. 1 1.10 N-8 5 no. 4 1.56
N-21 20 no. 1 0.42 N-13 12 no. 2 0.48
N-24 15 no. 1 0.51 N-14 12 no. 2 1.99
N-27 16 no. 1 0.51 N-16 12 no. 3 1.15
N-39 24 no. 1 0.74 N-17 10 no. 2 1.71
N-19 10 no. 5 0.56
N-20 10 no. 3 0.57
N-2 2 15 no. 3 1.64
N-25 20 no. 2 1.04
N-57 10-15 * 2.07
Mean 7» Cl": 0.667. a*** 1.20 7, b***
*Aggregate sample from 10 severely damaged Norway maples along Memorial Drive, near 
Harvard University, Cambridge, Massachusetts.
**Mean % foliar Cl for healthy sugar maples along roadside: 0.06% in 1964 studies; mean 
% foliar Cl” for all damaged sugar maples was: 0.357> in 1964 studies.
***Values followed by different letters are significantly different at the 1%, level (nethod 
of lsd) .
Table 21. Sodium and chloride content, and damage symptoms in foliage of white pine 












White pine in 
area removed from 
road drainage.
None. Healthy tree; 
green foliage.
0 . 0 1 0 . 0 9
ff Non-damaged white 




0 . 0 1 . 1 2 - . 3 1
?! Damaged white 
pines in road 
drainage area.
Green foliage. 
Adjacent branches in 
same trees showing 
scorch damage.
. 1 2 - . 1 4 . 5 7 - . 8 2
! Damaged white 




. 2 0 - . 2 5 . 7 6 - . 7 8
It Damaged white 












. 1 5 - . 2 7 . 6 3 - 1 . 2 4
Dover, 
N. H.
White pines in 
dense woods.
None. Healthy trees; 
green foliage.
---- 0 . 0 3













Red pines in 
area removed from 
road drainage.
None. Healthy trees; 
green foliage.
0.02 0.04
I I Damaged red pines 







Damaged red pines 






*Site photograph, Fig. 11. **Tree photograph, Fig. 12. ***Site photograph, Fig. 13.
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Figure 11. Damaged white pine trees in roadside drainage 
area. Green foliage generally became chlorotic during the 
following winter. (Photographed in Durham, N. H., August, 
1965).
84
Figure 12. Severely damaged white pine along heavily salted 
highway. Analyses show considerable uptake of sodium and 
chloride (see Table 21). Photographed in Madbury, N. H., 
August, 1964.
85
Figure 13. Severely scorched red pines along roadside near 
Durham, N. H. Analyses showed considerable uptake of 
chlorides from salt applied in highway (see Table 21). 
(Photographed August, 1965).
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2. Results of Ionic Interrelation Studies.
Analyses of sugar maple seedlings, grown in control­
led nutrient tanks in growth chambers, are presented in 
Table 22. Two aspects of this experiment are of especial 
importance on the basis of the data and of visual observa­
tions. Chloride uptake by plants in each of those replicate 
tanks, supplied with standard levels of potassium (6 meq/liter) 
and with NaCl, was approximately 257° higher than in plants 
provided only minimal potassium levels (1 meq/liter). The 
most likely factor involved in this difference is the shift 
in the K:Ca ratio. Since available calcium is constant in 
all treatments, and only potassium is increased, the greater 
chloride uptake corresponds to an increased K:Ca ratio. 
Secondly, the extent of leaf scorching on the plants accum­
ulating the higher levels of chloride was decisively more 
pronounced than on plants absorbing the lower chloride level. 
Data pertinent to growth and to relationships among the 
other nutrient elements is insufficient to make inferences 
in their regard. A view of healthy and damaged foliage 
harvested from tanks is presented in Figure 14.
Data from experiments with potted seedling trees 
supplied with various combinations of nutrients is presented 
in Tables 23, 24, and 25. The statistical summary of the 
ionic interrelationships, given in Table 24, indicates that 
reductions in the essential nutrients calcium, magnesium, 
and phosphate are significantly correlated with the presence 
of sodium. At low levels of potassium availability, 
potassium accumulation is also depressed by sodium. Symp­
tomatic expressions of damage within the various treatments 
appear to be related to both sodium and to chloride presence. 
Reduction in leaf size may be a function of sodium toxicity,
87
Table 22. Uptake of chloride and other ions by sugar maple 










1 a 1 10 0 0
2 a 6 10 0 0
3 a 1 10 10 10
b 1 10 10 10
4 a 6 10 10 10
b 6 10 10 10
Mean
shoot
Foliar accumulation, % in dry matter growth
K + Ca Mg Na + Cl cm/plant
1.26 2.19 0.28 0.02.7 0.059 2.6 cm
1.84 1.81 0.23 0.017 0.051 2.8 cm
1.23 1.75 0.22 0.33 0.362 1.6 cm
---- ---- ---- ---- 0.358 ---
2,16 1.57 0.19 0.39 0.543 2.1 cm
_ _ _ _ “  ”  “ 0.515
*Complete formulations of substrates supplied to tanks are 
as given in Table 2. Treatments essentially were as follows:
1 C a ^ O ^ ^  basal nutrient only
2 CaCNOg)^ basal nutrient K^SO^
3 C a ^ O ^ ^  basal nutrient NaCl
4 C a ^ O g ^  basal nutrient NaCl K^SO
88
Figure 14. A comparison of typical foliage of healthy and 
damaged sugar maple seedlings grown in nutrient tanks supplied 
with, respectively, C a ^ O ^ ^  basal nutrient alone (top row),
and C a ^ O g ^  basal nutrient salinized with 10 meq/liter NaCl,
(bottom row). In tanks to which additional potash (K^SO^)
w a s  a d d e d ,  f o l i a g e  d i f f e r e d  o n l y  i n  a  m o r e  p r o n o u n c e d  s c o r c h ­
i n g  c: i  p l a n t s  r e c e i v i n g  N a C l .
Table 23. Mean foliar accumulations of several ions in potted sugar maple seedlings 





Foliar accumulation, 7o in dry matter
Ca K Na Cl K P Mg Na Cl
A 1 15 1 0 0 2.29 1.40 0.51 0.24 0.01 0.08
2 15 1 0 0 2.39 1.44 0.53 0.25 0.01 0.06
B 3 15 6 0 0 2.22 1.70 0.61 0.24 0.01 0.08
4 15 6 0 0 2.18 1.57 0.50 0.25 0.01 0.07
C 5 15 1 10 10 2.05 1.20 0.48 0.20 0.19 0.27
6 15 1 10 10 2.06 1.21 0.41 0.21 0.14 0.26
D 7 15 6 10 10 1.80 1.51 0.44 0.20 0.12 0.24
8 15 6 10 10 1.74 1.68 0.36 0.21 0.14 0.28
E 9 5 1 10 0 1.44 1.25 0.43 0.22 0.32 0.06
10 5 1 10 0 1.45 1.21 0.35 0.20 0.23 0.05
F 11 5 6 10 0 1.31 1.70 0.49 0.21 0.21 0.06
12 5 6 10 0 1.28 1.77 0.44 0.21 0.20 0.05
G 13 5 1 20 10 1.26 1.05 0.45 0.20 0.51 0.21
14 5 1 20 10 1.25 1.08 0.39 0.20 0.45 0.19
H 15 5 6 20 10 1.28 1.48 0.44 0.20 0.41 0.17
16 5 6 20 10 1.23 1.46 0.43 0.20 0.46 0.19
*Complete formulations of substrates which were supplied to plants in artificial soil 
mix are as given in Table 4. Treatments were essentially as follows:
A Ca(NC>3)2 basal only E NaN03 basal only
B " " + K2S04 F " + K2S04
C " " + NaCl G " " + NaCl
D " " + NaCl+K2S04 H " " + NaCl+K2SC>4
Table 24. A summary of the statistically significant relationships* between levels of NaCl 
and nutrient ions accumulating in foliar tissues of potted sugar maple seedlings, and 
availability of ions in the substrates supplied.








































































at 17o level; 
phosphate is 
depressed.
*Statistical summaries are based on a simple linear regression correlation analysis of the 
data which is presented in Table 23.
* * D e s i g n  o f  e x p e r i m e n t s  d i d  n o t  p r o v i d e  a  b a s i s  f o r  a c o m p a r a t i v e  r e l a t i o n s h i p  a t  t h i s  l e v e l .
o
Table 25. Foliar moisture content, dry weight, shoot growth, and damage symptoms for 
potted sugar maple seedlings grown on various nutrient substrates.*
Treatment and Plot








A 1 342 63 2.89 None
2. 470 62 3.07
B 3 343 61 2.61 None
4 540 64 3.38
C 5 308 59 2.04 Minor chlorosis
6 494 63 3.14
D 7 434 62 2.86 Minor chlorosis;
8 628 62 3.80 reduced leaf size.
E 9 424 58 2.64 Reduced leaf size;
10 475 59 2.83 occasional leaf tip burn
F 11 252 58 2.21 Reduced leaf size;
12 462 61 2.94 occasional leaf tip burn
G 13 338 58 2.40 Reduced leaf size;
14 400 58 2.60 moderate necrosis or
scorching of leaf margin
H 15 470 58 2.76 Reduced leaf size;
16 372 58 2.63 severe scorching of
leaf margin.
*Formulations for treatments given in Table 23.
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since it occurs in those treatments where sodium, but not 
chloride, is present in appreciable amounts. Additionally, 
there is a slight but consistent trend towards lower moisture 
contents in freshly harvested materials from those plots 
receiving only minimal amounts of calcium. Finally, recall­
ing the earlier mention of field studies with roadside trees, 
regarding the unequal movement of sodium and chloride with­
in trees, it is of particular interest to note that in seed­
lings, which have foliage and roots in close proximity to 
each other, foliar accumulations of sodium and chloride are 
nearly equivalent, provided that they are equally available 
in the substrate.
3. Results of Salinity Control Experiments.
Foliage of trees planted in roadside plots and 
nursery frames were sampled and analyzed in the summer of 
1966 to ascertain the value of gypsum in reducing salinity 
effects. The majority of trees in all plots absorbed in­
adequate amounts of chloride from normal road salting to 
enable any possible evaluation of the amendment. Most trees 
had suffered severely in the dry summer of 1965 in New 
Hampshire, and due to poor establishment of an adequate root 
system, many exhibited symptoms of drought injury in 1966.
It is significant, however, that in those trees on the 
"Northwood School" plot, to which rock salt was applied 
directly, all terminal buds and leaders died, although 
lateral foliage was produced abundantly. Many leaves ex­
hibited scorching, and from these leaves, both very low 
and very high chloride values were obtained. Other than 
die-back of terminals, all symptom patterns were incon­
sistent with the analyses.
Similarly, in the cold-frame experiments with potted 
seedlings in amended soils, which were salted while dormant
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it was possible only to compare the relative effects of NaCl 
and the NaCl'CaC^ mixture. The results are presented in 
Table 26. With the exception of 2 plants in a total of 300, 
only non-salted control plants and plants treated with the 
NaCl*CaCl2 mixture survived. Of the controls, more than 
757o survived to resume normal growth in the spring; 407> 
of these treated with the NaCl’CaClp mixture survived.
Only 2. plants of the 2.00 treated with pure NaCl (rock salt) 
survived.
4. Results of Nitrogen Metabolism Studies.
Five roadside sugar maple trees were selected as a 
source of foliar materials, to be used in studying a few 
aspects of nitrogen metabolism in salt-damaged trees. The 
trees chosen represented a range of increasing damage 
symptoms and of foliar chloride content. The damage ratings 
of these trees, and the analytical data pertinent to their 
metabolism of nitrogen, are tabulated in Table 27. All 
values were based on triplicate samples.
The most significant trends to be noted, relative to 
increasing foliar chloride and damage levels, are the in­
creasing ratios of ammonia accumulation, a compound which is 
in itself toxic to plant tissues when in excess, and the 
build-up of various amino acids. Why some of the nitrogen 
metabolites should be so much more prominent in the samples 
having high chloride content cannot be concluded with cer­
tainty. Some of these may have been formed as end products 
of pathways operating to remove the injurious ammonia, or 
they may simply represent the accumulation of normal metabo­
lites, which are not being efficiently assimilated into the 
protein synthesis system. Conceivably, the latter explanation 
would be valid if either ribosomes or mitochondria are in-
Table 26. Survival* of 300 potted sugar maple seedlings in an outdoor cold frame subse­
quent to various soil amendment treatments and wintertime applications of NaCl or NaCl-03012 
mixtures.







non-amended control. No chlorides applied, 
gypsum at 2 ton/acre NaCl at 3 g/pot season.
non-amended--- NaCl at 3 g/pot season.
gypsum at 4.3 ton/acre NaCl at 3 g/pot season.
non-amended--- mixture of NaCl-CaCl2 at 3 g/pot season.
gypsum, lime, superphosphate at 1 ton/acre each NaCl at 3 g/pot season,
Survival sequence in concrete cold frame:
Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5
60 plants 60 plants 60 plants 60 plants 60 plants











10 0 0 0
_4 _8 _6 _1
10 0 10 0 0 0 10 10
*Survival signifies that buds opened normally and foliage was produced the following spring.
**Plants receiving NaCl or NaCl•CaCl2 mixture received equivalent total amounts of chloride, 
but disproportionate amounts of sodium and calcium.
Table 27. Summary of nitrogen, ammonia, and amino acid determination for foliage of 
selected roadside sugar maple trees, representing a range of salt damage symptoms, and a 
progressive increase in foliar chloride content.
Dry matter basis** Ratio 
Damage % Cl“ in Mean % Mean % NH3 Presence and relative
rating Tree dry matter soluble NH3 soluble amounts of nitrogen
class no. of foliage nitrogen nitrogen nitrogen metabolites*
1 528 0.04 0.14 .003
2 159 0.11 0.20 .011
4 524 0.25 0.16 .006
5 157 0.50 0.19 .015
6 136 1.64 0.19 .015
.02 glutamic acid; allantoic
acid; gamma aminobutyric 
acid; among the unidenti­
fied compounds, indole 
compounds predominate, as 
seen in Ehrlich reactions.
.06 ----------
.04 ----------
.08 allantoic acid; alanine:
gamma aminobutyric acid; 
proline; valine.
.08 glutamic acid; allantoic
acid; alanine; phenylalanine 
gamma aminobutyric acid; 
proline; valine, unreides 
and aromatic amines predom­
inate among the unidentified 
compounds, as seen in 
Ehrlich reactions.
*Qualitative presence of nitrogen metabolites determined by: (a) two-dimensional chromato­
grams in phenol:ammonia, butanol:acetic acid solvents (developed in ninhydrin); and (b) 
one-dimentions 1 chromatograms in butanol:acetic acid solvent, followed by processing in 
Ehrlich’s reagent.
**A11 values were derived from triplicate samples.
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jured as a result of chloride toxicity, or of electrolytic 
imbalance. Allantoic acid is in sugar maples the normal 
form in which nitrogen is translocated, and its prominent 
accumulation in foliage having high chloride content at 
least suggests a failure in assimilation, although its ex­
cess production due to breakdown in respiratory restraints 
is also feasible. It is important to report, that in the 
weeks which followed collection of this particular sample, 
all foliage remaining on the tree source became severely 
scorched, appearing identical to that illustrated in Figure 
3, which appeared earlier in this study. The samples 
which were analyzed had not as yet assumed this extreme 
condition at the time of collection.
Studies of amino acids in this investigation were 
fraught with considerable complexity, since meticulous 
effort to remove pigments and other substances interfering 
with chromatography were ineffective. As a result, some 
compounds separated poorly, leaving their identity in ques­





The several objectives sought in this study were 
meant to elucidate a few aspects of salt-induced decline of 
roadside trees which previously were understood only super­
ficially, or were merely surmised.
Tha analyses of field samples of sugar maple foliage, 
shoots, and sap indicate that sodium and chloride ions move 
upward into the crowns of trees at widely uneven rates.
Holmes and Baker (42) had previously indicated this dis­
parity, however, this study shows that the ion ratios found 
in foliage of the different damage classes are of physiolog­
ical significance in the overall etiology. Mature, damaged 
trees in the field typically had much higher levels of 
chloride than of sodium, with the exception of trees in the 
most severe stage of decline. Seedling trees, grown hydro- 
ponically, or in pots, accumulated nearly equivalent amounts 
of sodium and chloride from the substrate. Jacoby (43) estab­
lished that in bean plants, the amounts of sodium accumulat­
ing at various points progressively up the stems were in­
versely proportional to the distance from the roots; and, 
that with a longer exposure to the sodium substrate, or with 
increasing concentrations, the stems became saturated 
uniformly to their tops. It appears that this same phenomenon 
is operating in salinized sugar maple trees.
In sugar maple sap, a wide range of sodium levels was 
found, whereas chloride values varied little within a low 
range. Button's data (15) on sugar maple sap in Connecticut 
trees was acquired simultaneously, and his values for sodium
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and chloride are almost identical. The greater prominence 
of sodium in sap samples might be explainable in terms of 
its being residual from previous years in wood tissues, 
whereas the chloride is largely lost with leaf fall.
To a t t r i b u t e  t r e e  d a m a g e  e x c l u s i v e l y  t o  c h l o r i d e  
i n j u r y  o n l y  o n  t h e  b a s i s  o f  a  h i g h  c o r r e l a t i o n  o f  f o l i a g e  
v a l u e s  w i t h  d a m a g e  s y m p t o m s  w o u l d  b e  a n  u n d u e  c o n c l u s i o n ;  
f u r t h e r ,  i t  w o u l d  b e  a n  a b u s e  o f  f o l i a r  a n a l y s i s  a s  a  d i a g ­
n o s t i c  t o o l .  R a t h e r ,  o n  t h e  b a s i s  o f  n u t r i e n t  s t u d i e s  
r e p o r t e d  h e r e i n ,  i t  may b e  r e a s o n a b l y  c o n c l u d e d  t h a t  o v e r  a  
p e r i o d  o f  t i m e ,  s o d i u m  c o n t r i b u t e s  s e r i o u s l y  t o  d a m a g e  v i a  
d e p r e s s i o n  o f  e s s e n t i a l  n u t r i e n t s ,  a n d  p o s s i b l y  t h r o u g h  
t h e  d e s t r u c t i o n  o f  s o i l  p h y s i c a l  s t r u c t u r e .
It is of particular interest to consider the import­
ant role of calcium and of potassium in the ion interrela­
tionships which exist under saline conditions. In agreement 
with Lagerwerff1 s research (52.) , higher levels of chloride 
were accumulated by maple seedlings from tank substrates 
with an increasing K:Ca ratio. In field studies with potted 
seedlings, visible damage also was more severe at low, than 
at adequate levels of calcium. Heimann1s hypothesis (37) 
favoring the depression of salt uptake through provision of 
potassium was refuted by the results reported here. Perhaps 
the ideal approach under saline conditions would be to pro­
vide increased amounts of both potassium and calcium in a 
favorable ratio, determined by comprehensive research.
The affliction of severe scorching upon foliage cor­
responds with increasing chloride. While it is uncertain as 
to the mechanism involved, necrosis may be a result of accum­
ulations of ammonia or other nitrogenous compounds, the pro­
portions of which were found here to reflect chloride presence.
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The decisive reduction of shoot growth reported here 
suggests a debilitating and gradual metabolic deficiency.
Such a condition could result from inadequate translocation 
of water and nutrients or from the deprivation of essential 
growth substances. Bernstein and Hayward (11) believe that 
deficiencies in calcium are often primarily responsible in 
the inhibition of growth.
In summary, sugar maple decline has been more clearly 
defined as a syndrome involving foliar damage through the 
excessive accumulation of chlorides, and simultaneous 
nutrient imbalance promoted by sodium. It is characterized 
further by the gradual depression of the growth process, 
and by the accumulation of nitrogenous metabolites, or of 
catabolic products. Because of the several debilitating 
influences, there is a marked attrition of terminal buds, 
frequent defoliation, and early senescence followed event­
ually by death of minor, and finally of major branches.
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